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PREFACE

This report svmmarizes project analyses and
results for the experimental documentation of the

ignition effectiveness of BP, BKNO3, NC, MTV, BMoO3,

and AP igniter materials with NACO, NOSOL-318, NOSOL-363,

LOVA, and PYRO propellants. The experimental program
was conducted under Contract N00174-81-C-0453, Mod
P00006 for the Naval Ordnance Station, Indian Head,
Maryland from October 1982 to September 1983 by
Applied Combustion Technology, Inc., Orlando, Florida.
Mr. Charles Irish served as technical monitor for
NOSIH and Dr. Michael Varney served as Principal
Investigator for Applied Combustion Technology, Inc.
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NOMENCLATURE

Definition

pcp

Vent exit area

Propellant burning area
Single grain surface area
Total grain heat transfer area
Bore wall area

Ammonium perchloirate
Burning rate coefficient
Boron potassium nitrate
Boron molybdenum trioxide
Black powder

Control volume

Specific heat at constant pressure of con-
densed phase products

Specific heat at constant pressure of
igniter gases

Specific heat at constant pressure of
unburned material

Specific heat of solid

Specific heat at constant volume
Perforation diameter in region 1
Vent diameter

Compressible flow function defined in
equation (2)

Grain diameter in region 1

Wall bore diameter
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Symbel Definition

tcp Condensed phase energy flux
E, Total exit energy
B, Total enerxgy flux
ﬁg Gas phase energy flux
Ego Fifty percent firepoint energy
hcp Cendensed phase enthalpy
h91 Heat transfer coefficient in region 1
hub Enthalpy of unburned igniter material
hwl Heat transfer coefficient at bore surface
! ncp Condensed phase enthalpy
Hg Gas phase enthalpy
HOE Heat of explosion
H. kgil Gas phase thermal conductivity
k‘ Thermal conductivity of soligd
# KE Kinetic energy
| Lgl Grain length in region 1
mcp Masg of condensed phase products
cp Igniter mass flow rate: condensed phase
; my Mass of igniter gas |
5 g Igniter mass flow rate: condensed phase
i m, Igniter initial charge
1 m_ Post-test mass residue
E s Mass generation rate from solid
Mob Unbuéned igniter material vented with gas
P stream
&
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§§$ Symbol Definition
ﬁub Igniter mass flow rate: unburned material
N, Exit Mach number
"1 Mach number in region 1
NTV Magnesium-teflon-viton
M, Region 2 Mach number
n Burning rate index
“pl gumber of perforations
n, Number of exit vents
n, Number of grains in zone 1
Nu, Nusselt nurber in region 1
NC Nitrocellulose
P, Pressure in igniter cavity
Q Pr Prandtl number
Pl Pressure in region 1
Q1 Total heat transfer to wall in region 1
6w1 Wall heat transfer rate in region 1
Q1 Total heat transfer to grains
61 Heat transfer rate to grains
Re Peynolds number
} Rg Gas constaﬁt
t Time (independent variable) |
} Tc Chamber temperature 3
; '1‘e Gas phase vent exit temperature
E To Initial temperature
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Definition

Adiabatic flame temperature of ignitex
material at constant pressure

Grain surface temperature
Initial soak temperature
Wall temperature

Temperature in region 1
Igniter vent exit velocity
Individual grain volume
Velocity in region 1

B&re volune in region 1
Thermal diffusivity of grain

Ratio of condensed phase products to
gas phase products

Ratio of specific heats

Inert bed void fraction, 2one 1
Propellant density

Density of soliad

Gas phase density in region 1
Igniter action time

Gas viscosity

Igniter cavity
Condensed phase
Gas phase

Solid
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S ol Definition

wWall
Inert simulant region

Live propellant region

w N = £

Exit region
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1.0 INTRODUCTION
K
1.1 Background

Diagnostic experiments have been conducted to
characterize the ignition effectiveness of selected
igniter materials with Navy propéllants under simu-
lated gun firing conditions. Experimental firings
have been conducted with a high pressure, flow through
combustor to determine the ability of various igniter
materials to ignite gun propellants beyohd the imme-
diate vicinity of the gun igniter——that'is after
filtering through and being cooled by an inert pro-
pellant simulant zone positioned between the igniter
vents and the live propellant. Ignition effectiveness
is determined quantitatively by the amount of igniter
thermal energy, based on its heat of explosion,
required to ignite a propellant 50 percent of the time.

- ’ With the determination of the ignition effectiveness
of a variety of ignition materials which have a wide
range in their distribution of physical states, one
can in principle determine the more effective com-
binations of physical states (hot gases, vapors,
liquids, and solids), heat of explosion, flame
temperature, and oxidizer content leading to effective
igniter characterization. Successful implementation
of this approach would then provide a basis for searching
for better igniter materials for existing primers, or
for new igniter designs for new guns, or for existing
guns with difficult ignition conditions.

1.2 Summary

In previously completed efforts (Ref. 1), Applied
Combustior. Technology, Inc. conducted seventeen (17)
series of ignition effectiveness tests with NACO,

3'

@ﬁ% NOSOL-318, and NOSOL-363 propellants using BP, BKNO
e
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MTV, and BMoO3 igniter materials. The previous results,
presented in References 1 and 2, are complemented by
twenty-one (21) additional experimental series in the
current project, bringing the total data base to 37
Bruceton-style ignition effectiveness test series

(one series for BMoO, was inconclusive and is not
included in the data reduction).

-During the current project, Applied Combustion
Technology, Inc. has achieved the following goals:

1. Conducted twenty-one (21) series of
ignition effectiveness tests with
NACO, LOVA, NOSOL-318 and PYRO pro-
pellants using BP, BKNO3, NC, MTV,
BMoO3, and AP igniter materials.

2. Conducted Bruceton sensitivity analyses
to determine 50 percent firepoint
ignition energy levels for all 37 series
cof ignition effectiveness test data
using new, experimentally determined
NOSIH heat of explosion data.

3. Developed an analytical data reduction
model to correct igniter charge energy
levels for convective losses to an
inert simulant packed bedq.

Comparisons between experimentally determined
data and theoretical calculations are presented herein
witﬂ test data, analyses, and conclusions. Of the data
acquired, the firing results of NACO and LOVA propellants
are the most complete. A review of the composite firing
data suggests that igniter product gas phase mass
fractions on the order of 30-50 percent are essential
for propellant ignition at minimum input pressure levels.
Further, the results obtained suggest the importance of
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igniter product liguid phase mass fractions for
achieving an in-depth propellant ignition boundary.
LCcva 50 percent ignition energy levels were observed
to be 2-3 times greater than observed for NACO pro-
pellant. LOVA ignition energy requirements were

found to be significantly reduced by the bresence

of oxidizer species in the igniter (AP); LOVA ignition
sensitivity with AP was equivalent to the energy
requirements for the easy-to-ignite NACO propellant
with conventional materials.

..........
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2.0 EXPERIMENTAL

2.1 Hardware Description

Ignition effectiveness experiments have been con-
ducted using a high pressure, flow through combustor,
Figure 2.1l. %he igniter assembly is designed to accom-
modate a 20 mn electric primer which is used to initiate
up to one cubic inch (16 cm3) of pyrotechnic material;
igniter discharge into the combustion chamber bore is
via five axial vents arranged symmetrically about a
centerline vent. The intexnal volume of the combustion
chamber is 620 cm3, minus the volume of the igniter vent
assembly, and is equipped with six access ports to
monitor pressure response and/or light generation during
propellant ignition and flame spreading. Aft end
closure of the combustion chamber is achieved by an
axially ported insert which is sized to permit pressure

‘ buildup during propellant ignition and adequate venting
during combustion. A complete hardware description
is provided in Reference 3.

2.2 Experimental Procedures
2.2.1 1Igniter Calibration Tests

Each of the igniter materials utilized in the
ignition effectiveness tests was evaluated for output
performance (bed input) by installing a pressure trans-

ducer into the centerline axial vent and firing into the
" IECD bore, which had been filled with inert simulant

to provide propellant back pressure effects on the

igniter outflow. A three point curve was generated

for each igniter material as a function of igniter

charge loading for the iyniter masses shown in Table 2.1.
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Y Table 2.1 Igniter Calibration Test Series

? Igniter Charge Mass (g)
BP BKNO3 NC - MTV AP
i 1.27 0.90 1.10 1.10 1.24 .
2.78 1.80 2.80 1.94 2.59
5.75 2.85 4.30 2.95 4.0
Each igniter calibration record was utilized for
analytical treatment of the ignition effectiveness
data and is presented in Section 3.0, Data Analysis. !
2.2.2 1Ignition Effectiveness Tests
Ignition effectiveness tests were conducted using
1 the IECD with fixed zone lengths of inert simulant

separating the igniter vent exit plane and the live
propellant zone, as shown in Figure 2.2. Diagnostic
i Q firings were conducted for selected combinations of
six igniter materials, five propellants, and four
inert simulant zone lengths,.as shown in Table 2.2,
y Seventeen (17) series of tests were previously conducted
H (Ref. 1) and twenty-one (21) new series of test data
have been generated in the current project; data and
data analyses for 37 series of tests is presented
herein. Igniter material characterization and propellant

H characterization are presented in Tables 2.3 and 2.4,
respectively. Heat of explosion values were experi-
mentally determined by NOSIH using a Parr bomb pressur-
ized with nitrogen to 25 atmospheres. Other values
shown in Table 2.3 were calculated using NASA-Lewis i
chemical equilibrium calculations for a chamber pressure

of 500 psia expanding to 14.7 psi. Ignition effective-

ness was determined quantitatively by the amount of

thermal energy, based on its heat of explosion, required
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IECD BRUCETON TEST.MATRIX

T TIAT

T8 TS T TR TS At E e s

Ta T A e Vaae g aMan

- Bed Length 0.0" Igniter Material
= Propellant | BP  BKN NG| MTV BMoO, AP
L ACO
N318 .
LOVA X X X X X X
N363 :
f PYRO
1 |ped Length 1.0" Igniter Material ‘
} Propellant | BP BKN NC MTV BMoO, AP -
' NACO X X X X
; 318 X X
: LOVA X X . X
- . |PYRO.
Bed Length 1.5" Igniter Material
J Propellant BP BKN NC - B MTV BMoO., . AP
ACO - X X X X x =
318 X X X X
LOVA X X X X X
"IN363 X X X X ]
PYRO | X L
5.
E _ Bed Length 2.0" Igniter Material
Propellant BP BKN NC MTV BMOOB' AP
NACO P X X X.
N318 ' ' ) ‘
LOVA
& Inze3
PYRO
N e e A R e T e L S e




Igniter Materiall

Jtenm . BP .BKNQ3 NC
Density (g/cms) : 1.6 1.4 1.2
HOE (Cal/q) 709 1495 920
Flame Temperature,
T  (°K) 1930 2890 2350
GasPconstant o
{(ft-1bg/lbpy~"R) 28 25 62
Specific Heat o
(Cp, Btu/lbp~"R) .62 1.61 .46
Molecular Weight
(Products) 56 63 25
Ratio of Sp Heats (y) 1.11 1.08 1.22
Products Mass Fraction (%)
Vapor-Solid 1.0 54.9 °
Liquid-Solid 40.9 3.5 0.6
Solid 0 16.9 0
To*al Solid at
. 14.7 psi 41.9 75.3 0.6
Gas 54.8 24.7 90.2
Total 96.7* 100.0 90.8
*Balance Wate: Vapor
lggserial Composition
1-BP Black powder (ffg)
‘ 2-BKNO3 23.7% B, 70.7% KNO
| 3-NC IMR 4895
4-MTV Magnesium-Teflon-Viton
(54%/30%/16%)
5-AP Ammonium percalorate

: @ Table 2.3 Igniter Material Characterization
Y {NASA-Lewis)

. MTV

1.5
1540

2650

1.9
826

1400
55
.36
28
1.26

oNno (= RoNe]

75.
75.6*

37 5.6% Laminac



Table 2.4 Propellant Geumetrical Characterization

Grain
Dimensions Number Bed
1 Dia Length Charge of Length Porosity

Propellant (in) (in) (g) ~ Grains (in) (d'less)
Lova? .20 .28 40 187 0.9 .41
NACO .24 .42 40 S7 1.0 .41
NOSOL~-318 .32 .68 40 33 1.1 .48
NOSOL~363 .44 .96 40 12 1.0 .45
PYRD .32 .75 40 28 1.0 .46
M26 .53 1.25 40 6 0.9 .40
Inert
Simulant .30 .62 0 0 0 -

33 33 1.0 .50

52 52 1.5 .50

74 74 2.0 .50

151won (7) perf grains
2CAB/ATEC
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to ignit-~ the propellant 50 percent of the time as
determined by an up-and-down (Bruceton) test technique
(Reference 4). Each test grouping included a series
of pre-Bruceton shots tou determine the approximate 50
percent firepoint as the starting energy level for a
limited Bruceton series consisting of ten (10) shots
each. Test data for each event included a Yes/No fire
observation and an in-bore oscilloscope record of the
pressure-time profile resulting from the igniter input
and subsequent propellant combustion. A complete run
log of the IECD ignition diagnostic tests is included
as Appendix A, where firing data have been arranged

in order to ascending inert simulant bed length from
0.0 inches to 2.0 inches.

2.3 Fifty Percent Firepoint Results
2.3.1 PFifty Percent Firepoint Data

Twenty-one (21) series of Bruceton tests were

conducted in the current project to evaluate the ignition

effectiveness of BP, BKNO,, NC, MTV, BMoO;, and AP
igniter materials with NACO, LOVA, NOSOL-318, and PYRO
propellants for selected zone one inert bed thicknesses
ranging from 0.0 inches to 2.0 inches. Initial data
reduction consisted of reading the in-bore oscilloscope
records of each shot to record pertinent pressure-time
data, as indicated in Figure 2.3 and listed below:
1. Pyg =~ Maximum igniter pressure in the
bed prior to propellant ignition
2. Py ~ Pressure value in the bed prior
to onset of propellant ignition

3. Pyiax ~ Maximum combustion pressure in
the bed
4. Tign ~ Ignition delay time from event

initiation to onset of propellant
combustion pressure rise

11




Pressure

Time
ign

TpeakA >

is Fixed.

Transducer Location

Igniter
; lStnig'p 2)

<! | T

——

INERT LIVE INERT

(Zone 1) (Zone 2) (Zone 3)

d

Figure 2.3 Pressure-time Nomenclature Assigned to
IECD Data Reduction
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5. Tpeak ~ Time from event initiation to
peak combustion pressure

Oscilloscope data for all twenty-one (21) ignition
effectiveness tests are presented in Appendix B.

Bach Bruceton series conducted in Reference 1 and
the current project, as shown in the experimental matrix,
Table 2.5, was statistically reduced using a sensitivity
method developed by Brownlee and Hodges (Reference 4)
for small sample numbers to determine the 50 percent
firepoint means (mass) presented in Table 2.6. Due to
the limited number of shots in each Bruceton type series,
the calculated means are subject to question; however,
the calculated results are expected to be indicative
of the relative ignition effectiveness of the igniter
materials tested. Each of the mass means was multiplied
by the experimentally determined heat of explosion to

‘!’ determine the 50 percent igniter energies presented in
Table 2.7 and Figure 2.4. The data in Table 2.7 and
Figure 2.4 indicate that the igniter energy requirements
increase with increasing inert simulant bed thickness
showing that the inert simulant zone is acting as an
energy barrier, either by selectively blocking igniter
materials and/or simply acting as an energy absorber
during the inert heating phase. (This point is addressed
more completely in the Data Analysis section).

2.3.2 Assessment of Data

A review of the NACO 50 percent firepoint data,
Figure 2.4, suggests that the BP and BKNO3 igniter
streams are more effective than the MTV and the NC
igniter materials. The general agreement of the NACO
data for a bed length of 1.0 inch for all igniter
materials suggests that the inert simulant 2zone is
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Table 2.5 Ignition Effect.veness Experiments:
Fifty Percent Firepoint Results

EXPERIMENTAL MATRIX

Bed Ign.ter Material
Length . .
— —
NACO 0.0 i
1.0 X X X X
1.5 X X X X X
2.0 X X X X ‘4
LOVA 0.0 X X X X X X
1.5 X X X X X
2.0
-
NOSOL-318 0.0 g )
1.0 - X
1.5 X X X X
2.0
NOSOL~363 0.0
1.0
1.5 X X X X
2.0
PYRO 0.0
1.0
1.5 X
2.0

v

e e N
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Table 2.6 1Ignition Effectiveness Experiments:
- Fifty Percent Firepoint Results

IGNITER CHARGE MASS (g)

NF >~ No Fire

Bed : Igniter Material
Length . .
Propellant (in) BP . .BKNO, '?S_ . MIV . .BMoO, ff
MCO o. o
1.0 31,27 0.67 1.10 3.64
1.5 1.65 0.90 2.38 1.10 5.75
2.0 2.78 1.07 2.85 1.54
LOVA . 0.0 2.77 1.58 3.50 1.72 NF 1.24
1.0 4.03 2.07 ' 1.94
1.5 5.75 2.55 4.30 2.9 2.59
2.0
NOSOL~318 0.0
1.0 1.90 1.31
1.5 4.40 1.80 3,05 1.63
2.0
NOSOL~363 0.0
1.0
1.5 4.75 2.85 3.57 2.70
2.0
PYRO 0.0
1.0
1.5 3.08
2.0

SRS -_'-"

)

R AT
RTINS XY 3R



A T L T, ARG I BN Pt T VI PRA ¥ e ST R TR ST, TR O A i O L a T RS TG R . W EN af USRSt AT m T AT N S LT T r.‘-,;‘T

Table 2.7 Ignition Effectiveness Experiments:
Fifty Percent Firepoint Results

IGNITER CHARGE ENERGY (kcal)

Bed - Igniter Material
: Length BIOY - -
NACO 0.0
1.0 0.9 1.0 1.0 0.9
1.5 1.2 1.4 2.2 1.7 1.4
2.0 2.0 1.6 2.6 2.4
LOVA 0.0 2.0 2.4 3.2 2.6 NF 1.0
1.0 2.9 3.1 : 3.0
1.5 4.1 3.8 4.0 4.5 2.1
2.0
t
NOSOL-318 ~# 0.0
1.0 2.8 1.2
1.5 3.1 2.7 2.8 2.5
2.0
NOSOL~363 0.0
1.0
- 1.5 3.4 4.3 3.3 4.2
2,0
PYRO 0.0
1.0
1.5 2.8
2.0
Y
16
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Figure 2.4 Fifty Percent Igniter Energy as a Function
of Inert Bed Thickness
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aéting as a thermal sink and not very effective in
selec*ively filtering the igniter products. This
conclusion is hased in part on the NC diagnostic tests
where relatively poor igniter behavior was observed

with unburned NC being a large fraction of the igniter

"product" stream. If this line of thought is followed,

the unburned NC contaired in the igniter stream is

effective in reaching the live propellant zone for an

inert zone thickness of 1.0 inches, but is filtered

» out by the 1.5 inch and 2.0 inch inert zones, as indi-
cated by the increase in ignition energy from 1.0 kcal
to 2.2 kcal and 2.6 kcel, respectively. If this is
correct, then an important conclusion can be reached
with regard to the upstream energy transfer for the
unburned NC igniter material. Specifically, if it is
assumed that a portion of the NC is blocked by the inert
zone and burns in the inert zone, then this energy

i ‘!’ liberation goes into heating the inert simulant and
is not returned to the igniter gas stream in a time
frame which can aid in the propellant ignition process.
This nbservation tends to suggest that high solids

| igniter systems will be effective in stimulating a

narrow zone adjacent to the vent location, but will

be relatively poor in achieving a spatially in-depth

igaition boundery.

NOSOL-318 ignition energy levels for an inert
simulant zone thickness of 1.5 inches are relatively
independent of igniter material type. The limited
NOSOL-363 data indicate that BP and NC are more effec-
tive igniter materials than BKNO, and MTV. This
observation suggests that the low gas content of the
BKNO3
large energy loss in the inert zone due to increased

and MTV products is contributing to a relatively

¥ '\
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residence time (low transit velocity) for vapor and

lv‘f:’n

liquid phase transitions prior to entering the live
propellant zone.

Ignition effectiveness data for LOVA propellants,
Figure 2.4, generally indicate the low vulnerability
aspects of the propellant system with significantly
higher igniter energy levels required from all igniter
materials tested, with the exception of the oxidizer
rich products ammonium perchlcrate igniter. Test data
acquired for an inert simulant zone thickness of 0.0
inch (e.g., no inert simulant separating the igniter
vents and the live propellant) exhibit ignition energy
levels ranging from 2.0 kcal to 3.2 kcal for conventional
igniter materials (BP, BKNO;, NC, and MTV) and 1.0 kcal
for the oxid}zer rich AP igniter material. This obser-
vation suggeLts that the initial decomposition products
of LOVA prcpellant are fuel rich, presumably in the

e gas phase, alg-nd are extremely reactive with the AP
products.

+

Further support for the LOVA gas phase reaction
step is indicated‘by the bed ignition pressure data
presented in Table 2.8. Excluding the AP results for
the moment, the lowest conventional igniter material
energy level was for BP at a bed thickness of 0.0 inch
and occurred at a bed pressure level of 1,300 psia.

. 1 = 0.0 inch
required 3.2 kcal for LOVA ignition and occurred at

By contrast, the NC igniter system at L

a bed pressure level of 200 psia. 1In experiments which
resulted in NO propellant ignition situations, no
unburned igniter material was found in the housing or
in the propellant bed (for tests conducted with

Ll = 0,.0), except for the AP igniter system, and
consequently, is presumed to have burned in the

19
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Table 2.8 Ignition Effectiveness Experiments:
Fifty Percent Firepoint Results

BED IGNITION PRESSURE ~ P

Inert
Bed
Length
Propellant (in)
NACO 0.0
1.0
1.5
2.0
LOVA . 0.0
1.0
1.5
2.0
NOSOL~-318 0.0
1.0
1.5
2.0
NOSOL~363 0.0
1.0
1.5
2.0
PYRO 0.0
1.0
1.5
2.0

20

(psia)_

Igniter Material
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BP

500
300
700

1300
1400
2600

1200

1400

..BKNO3 ,

200
100
200

1000

1100
1400

700
400

900

. NC

30
100
200

200

3000

80
100

1800

100

. MTV.  BMoO, AP
30
200 100
300
900 NF 600
600
1000 900
400 i
700

NOTE: Pgp is measured at a fixed axial location with respect to.

the igniter vent exit; consequently, as the inert

bed length varies, the bed ignition pressure location

moves relative to the live propellant zone.
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2 propellant region. Since the NC bed pressures were low
relative to the BP bed pressures, it is presumed that
the LOVA gas phase reaction did not contribute to the
‘ ignition energy balance, thus requiring a larger input
from the NC igniter system. Another possibility is
that the LOVA first step gas products are adversely
affecting the NC product stream, thus inhibiting the
WC/LOVA ignition sequence. It is interesting to note
that the LOVA ignition energy levels correlate with
the measured bed pressure levels, for conventional
igniter materials, as shown in Table 2.9 below.

i Table 2.9 LOVA Ignition Effectiveness at L, = 0.0 inch

1

P20 Products Fifty Percent
Bed Pressure Gas Phase Igniter Charge
Igniter Level (psia) Mass Fraction (%) - Energy (kcal)

AP 600 75.6 1.0

Q 5 - 1,300 54.8 2.0
~ 1,000 24.7 2.4

M. 900 0.3 2.6
NC 200 90.8 3.2

The I .gh theoretical products gas phase mass fraction
for 'C (90.8%) and the low bed pressure level is a
further indication that the NC combustion is taking
place in the bed and not in the igniter housing, or
that the reaction is being inhibited by the LOVA i
products. Although BKNO, and MTV have relatively high

mass fractions of product vapor and liquid phase

materials (see Table 2.3), which should be more effec-

tive in the propellant inert heating and first decom-

position step, the decreased igniter gas phase content

apparently results in lower bed pressure levels and

subsequent reduced reactivity of the LOVA decomposition.
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In comparison, the AP igniter system produced 600 psi
and required only 1.0 kcal for LOVA ignition. 1Ignition
results for an inert bed thickness of 1.5 inches show
the same relatively ignitibility difference between the
conventional materials and the oxidizer rich AP igniter
material, with energy levels of approximately 4 kcal
being observed for conventional igniter materials as
contrasted to 2.1 kcal for the AP igniter material.

22
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3.0 DATA ANALYSIS
3.1 Qualitative Description of IECD Ignition Process

The IECD igniter venting process consists of an
igniter jet which enters a finite thickness bed of
inert simulant gr&ins followed by a finite thickness
bed of live prbpellant grains. The igniter jet is
comprised of up to four different inert, or ‘chemically
active, stream types:

l. Hot gases,

2. Hot vapors capable of undexgoing a
phase change to either a liquid state
or a solid state, A }

3. Hot liquids capable of undergoing a |
phase change to a solid state, and

4. Hot solids. |

The manner in which the inert simulant bed affects

each of these streams is speculation, but is postulated

as follows. First, the inert simulant acts as a radia- i
tion buffer which is effective in reducing the igniter
radiation incident upon the live propellant zone;
consequently, the primary propellant ignition stimulus
is presumec. to be associated with the energy transported
by the flowing igniter stream. Under this presumption,
it then becomes important to establish the buffering
effect of the inert simulant zone upon the multi-phase
igniter stream as it flows from the igniter vent through
the inert simulant. Since the inert simulant zone éon-
sists of a large number of randomly positioned pellets,
it is reasonable to assume that the gas stream can pass
through the inert bed relatively easily while experi-
encing a loss in both pressure and temperature prior

to entering the live propellant zone, the losses being

e L Ly
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dependent upon the porosity and length of the inert
simulant zone. Considering next the hot vapors, one
can presume that the vapors can pass through the inert
bed with the same relative ease as the hot gas stream;
however, the pressure loss and temperature drop experi-
enced by the gases and vapors would tend to drive the
vapors toward a change in phase, with subsequent phase
change energy reslease, presumably to a liquid which
would be relatively effective in the inert heating
phase of the live propellant ignition process. With
regard to the hot liquids contained in the igniter
stream, one can envision that the inert zone pellets
may become wetted by the liquid stream during the flow
process, thus reducing the initial liquid content
potentially available for the live propellant zone.

Of perhaps more significance is the possibility that
the liquids initially present in the igniter products
!!’ may undergo a phase change from liquid to solid within
the confines of the inert zone, thus significantly
reducing the potential effectiveness of the igniter
stream to initiate combustion in the live propellant
zone. Finally, if one applies the previous logic to
the igniter solids flowing through the inert simulant
bed, the higher trajectory momentum of the solids makes

them less capable of traversing the inert zone without
impacting the inert simulant pellets and becoming
trapped in the inert zone, thus reducing the ignition
potential of the igniter stream.

3.2 Analytical Procedures

The ignition effectiveness experiments presented
in the previous section included data for zone one
inert simulant bed thickness of 0.0, 1.0, 1.5, and
2.0 inches and presented 50 percent firepoint results

&8
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Since the igniter energy level represents the maximum
theoretical energy available to the packed bed system
of inert simulant and live propellant, the 50 percent
ignition energy levels previously presented need to be

} ﬁ%ﬁ based upon igniter enerxgy levels (e.g., mass times HOE).

; corrected to account for the energy losses experienced
while flowing through the inert simulant bed. The
analyses presented in this section provide a simplified
approach for correcting the ignition energy levels for
convective heat transfer losses while neglecting the
perhaps more important effects of phase changes and
particle entrapment.

Referring to Figure 3.1, the physical process
is envisioned to consist of the following steps:

1. Igniter products are generated in the
igniter housing at a pressure, Pc(t),

‘ and a flame temperature, Tp. The
assumption is made that the condensed
phase products occupy negligible volume
with respect to the gas phase.

2. Under the assumption of an ideal gas
law and isentropic conditions, igniter
products flow from the housing cavity
via choked vents and expand supersonically
to the bed free flow area (bore area
minus blockage by pellets).

3. A strong normal shock is assumed to occur
at the entrarice to the é;cked bed,
characterizing the subsonic flow field
incident to the packed bed.

4. A spatially uniform flow field is assumed
in the axial direction (e.g., no spatial
gradients in pressure and temperature

§§§ are considered.)

25
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Figure 3.1} Schematic Representation of IECD Showing
Igniter Control Volume
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5. Bed convective heat losses are deter-
mined as a function of time in response
to the experimentally measured igniter
housing pressure~time curve, Pc(t).

3.2.1 1Igniter Mass Flux Characterization

Using the previous assumptions, the experimentally
measured pressure-~time curve, Pc(t), is attributed to
the gas phase products and may be used to calculate

the igniter vent exit gas phase flow rate, ﬁg

D*A P_(t)
h o= —SeCc (1)
g - R.T

For sonic conditions, the cdmpressible flow function,
D;, is given by

+- ()

The mass of igniter products in the gas phase, mg,
is given by integrating the mass flux curve from

(2)

" the onset of ignition until expansion is complete.

- Tfinal
= h 4 3
mg }f g t (3)

o

Substituting equations (1) and (2) into equation (3)
under the assumption that the gas phase products
temperature, T , is equal to the flame temperature,

T

c

o’ gives

27
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D*A Tfinal
n = —Se f P_(t)dt (4)

The initial igniter mass, m_, is known for each
experiment; consequently, the condensed phase products

mass, mcp, is given by
mcp=mo --,mg-mr-mub (5)
where m = initial charge mass
mg = mass of gas phase products
m. = post-test mass of residue remaining |

in ignitsr housing

m,p = mass of unburned igniter material

blcwn out of igniterAvent into bed

In each test, the post-test residue mass was small

for each igniter material; consequently, the pseudo-
condensed phase mass (products plus unburned igniter
material) can be determined from equation (5). Assume
that the products condensed phase flow rate is pro-
portional to the gas phase flow rate

ﬁlcp = Bmg (6) X

where B is defined by
m
g

Equations (4) and (5) provide two independent relations
to solve for the three unknowns (mg, mobe and B8).
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If the unburned solids were zero, then B would be
uniquely determined by the pressure-time curve;
however, since this is not the case for NC, a third
relationship is required and will be provided by the
energy balance equationms.

3.2.2 Igniter Energy Characterization

The total exit energy flux, Ee,will be considered
to be comprised of the gas phase and the pseudo-
condensed phase (products plus unburned) material
streams

Ee = Eg + Ec‘p (8)

The gas phase energy flux, ﬁg, is given by

v 2
[ ] - e
Eg = ;hg(cpg're + T) (9)

For sonic conditions at the vent exit, T_and Ve

e .
may be expressed in terms of the chamber temperature,
Tc to give
2T YR T

)

Eg=fng cpg(y+l + T’Y—gﬁ (10)

where Tc has been assumed equal to Tp.

If one assumes no velocity lag between the gas phase
and the condensed phase materials, the condensed phase
energy flux is given by (approximately)

. ve2 ve2 A
Ecp z ’hcp hcp + =]+ ﬁ‘ub hub + = (11)

In the present analysis, the condensed phase products
will be assumed to be at the gas phase flame temperature,
Tp, and the unburned s0lids will be assumed to be at

their original soak temperature, Tso' Since h a

is
cp
function of B, equation (11) may be rewritten as
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' Eep = B% |Cpcp |\ 791 ) T?%T?

yR T

' *'ﬁ' [ pub so (y+1§ ] (12)

Closure of the balance egquations and the proper solu-

tion for B8 is given by integrating the exit energy
flux over the ballistic cycle to obtain the- total
energy leaving the vents

Tfinal |,
Ee = / Eedt (13)
o
The total energy calculated by equation (13) is
compared to the theoretical igniter charge energy
given by mass times HOE in an iterative fashion for
B until a converged ehergy balance solution is
achieved under the assumption that the unburned
*¢1!’ - material flow rate is zero. If convergence is not
achieved, then the unburned material flow rate is
increased by a finite amount and the products con-
densed phase mass is reduced using equation (5) so
that a mass balance is maintained. The final iter-
erative solution prevides the value of B that satis-
fies both the mass balance and energy balance eguations
simultaneously.

3.2.3 Bed Energy Loss Characterization

The igniter flow-is assumed to expand from the
vent orifice (throat) into the packed bed where a
normal shock is formed, thus reducing the flow through
the bed to subsonic conditions. Since the vent area
is well specified and sonic throat conditions are
assumed, the Mach number incident to the normal shock
is determined by the area ratio for the vent flow
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@ﬁ@ expansion process., Define the bed porosity, €7
as |
|
g |
n,v !
e, =1--+9% (14) |
Vi

where n, = number of grains in zone 1

Vél = individual grain volume

Vl = bore volume of IECD in zone 1
If it is assumed that there is a large number of
pellets per unit length of hed, then the expansion

area ratio, (A/A*), is given by

2
€ D
A 1 1
= — = (15)
(Eal !W(De)

number of axial vents

where nv
= vent diameter
= IECD bore diameter

o
I

»

1l

The upstream incident Mach number is célculated from |

isentropic flow relations and is used with normal shock

relations to fully specify the subsonic flow through

the packed bed, including the following variables:
M, (t) ~ IECD in-bore Mach number
Pl(t) ~ IECD in-bore static pressure
Tl(t) ~ IECD in-bore static temperature |
pl(t) ~ IECD in-bore static density
»Vl(t) ~ IECD in-bore velocity

With the gas dynamic variables determined as a function
of time, the heat transfer to the packed bed can be !
calculated from the following Nusselt number correlation

(Reference 5)
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2/3

Re 1/3

Nu, = 2 + 0.4(-——1) Pr (16)
€1

where
. h_.D
Nu = _.9]?1_.9.']'.
1 gl

The gas phase Reyrolds number, Rel, and thermal
conductivity, kgl’ depend upon viscosity, p, and Prandtl
number, Pr, which are given by (Reference 6)

P 1.5
_ -3( "1 (T, + 198) (17)
].ll = 0.76 x 10 (5—3—7) ‘ 1

and

_ 4 .
Pry) = {5y~5y (18)

The locali heat transfer rate to the grains, 61, is

given by
] * -
Q = hgl (T (t) Ts(t)) ‘ (19)
: where‘hg1 = gas phase heat transfer coefficient
Asl = total grain heat transfer area

Ts(t) = grain surface temperature

The gas phase heat transfer coefficiént, hgl' is
obtained from the Nusselt number correlation given
in equation (16)

The single grain surface area is given by

A

I SE |

_ 2 _ 2
sq = (Dgl npldpl ) + ﬂDgng1 + npl"dpngl

(20)
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| e e
| i
§$§ where Ny = number of perforations j

| dpl = perf diameter
| Dgl = grain diameter {
Lgl = grain length | ‘
The total grain heat transfer area, A_,+ is given {
by i
|

= * -

A1 =™ Asg (21) |

where n, is the total number of grains for
i each experiment.

The grain surface temperature, Ts(t), is provided by
one-dimensional, unsteady heating under the assumption
that the grain thermal penetration zone is small in
comparison to the propellant radius

2
T (t)-T . h .Sa_ t
s O _ 1 _ l"s
° N

s
i
k .Ja t |
1 - erf(-—-g-i———s—) (22) |

s

where o_ = grain thermal diffusivity

s
k, = grain thermal conductivity
T, = initial temperature

The heat transfer rate, 61' may now be solved by
equation (19) and integrated over the ballistic cycle
to give the total heat transferred to the grains

during the heating cycle, Q,, shown in the following

equation.

33

o

% ‘..";\" ':\'\("!“‘!"_ n‘_..‘\v\.'h YRR . . e IR e I S S S M -
!53 Ny ‘N‘“' : Sl et et et LI T I A IRV S NP} -
m\-.hh‘h..n.‘;zl;‘. « Al Y S SR A e '..f‘\-.-. E-": 'n’:’t{'.-. AR 1:_‘...:'.:.‘,__'.\-4




a @ Tfinal .
Q = / Q,dt . (23)

(o]

In a similar manner, the heat transfer loss from the
stream to the wall, Q w1’ may be calculated by
integrating

| ka1 Hg1 02 2/3
3 - —_L -
le = (Dl) 0.023(D 5 ) Prl X

(Tl(t)-Tw) (24)

where Tw IECD wall temperature (assumed

constant)

The corrected energy incident to the live propellant
in zone 2 is defined as E;, and is given by

@ .

50~ Ee " Q1 Qn (25)
where Ee = total energy leaving igniter vents
Ql = total energy transferred to grains
le = total energy transferred to wall

These equations, although approximate in nature,

will provide an order to magnitude assessment of the
energy differential which exits between the igniter
housing exit plane and the plane incident to the

live propellant zone. Improvements in the procedure

are warranted, particularly by including axial gradients
in the packed bed and developing the effects of phase

change and condensed phase trapping.
A

W)
2
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$ é%& 3.3 Data Analysis Results

The data analysis procedures presented in the
previous section have been utilized to evaluate the
igniter performance and to correct the 50 percent
firepoint results for convective energy losses to
the packed bed and IECD bore wall.

3.3.1 Igniter Calibration Data

Each igniter calibration pressure-time curve was
tabulated into five pairs of pressure-time data, Table
3.1, and used as input conditions for the .analysis
model previously presented. Calculated gas phase mass
fractions for the igniter product stream have been
compared with theoretical values as determined by
NASA-Lewis code computations (Table 2.3) and are
presented in Table 3.2. Experimental values for BP
are in reasonably good agreement with NASA-Lewis code

’~‘l‘ values suggesting that the igniter behavior for the BP
is reasonably good (Recall that the igniter system
was origin¢ .y designed for BP). Gas phase mass values
for the four other igniter materials based upon inte-
grated p-t data indicate that the gas production in
the igniter cavity is low. This observation indicates
that uhbufned igniter materials are contained in the
vent exit streams. This conclusion is consistent with
experimental observations for NC and AP tests; however,
no unbui:r.:i SKNC., _r MTV, has ever been observed in
the ignition efféctiveness tests.

3.3.2 Corrected Zone Two Input Energy

Using the igr- ..-£ calibration data previously
presented in Table 3.1, bed and wall energy losses
were determined as a function of igniter charge mass
for each of the igniter materials used in the ignition
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Table 3.2 Igniter Calibration Data
Product Mass Fraction: Gas Phase

Product Mass
Fraction (Gas plus Vapor)

Igniter Material Mass (g) ~Experimental* NASA-Lewis

| _ BP 1.27 ".075 .558
r . 2.78 .590 .558
5.75 .550 .558

BKNO, 0.90 .132 .796

H 1.80 .430 .796
' 2.85 ©.289 .796
i NC 1.10 .121 .902
2.85 .061 .902

4.30 .330 .902

MTV 1.10 .125 .399

1.94 .049 .399

2.95 .078 .399

AP 1.24 .374 .756

2.50 .156 .756

*Experimental calculations based upon one shot each.
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effectiveness tests. The calculated energy losses

were then subtracted from the igniter total energy to
give a corrected zone two input energy as a function
of igniter mass. These results, presented in Appendix
C for BP, BKNO;, NC, MTV, and AP permit the graphical
determination of ccrrected energy levels for 50 percent
igniter mass test values which lie between the three
igniter calibration charge masses.

Using the experimentally determined 50 percent
firing point mass quantities previously presented in
Table 2.6, corrected zone two input energies have been
determined for all ignition effectiveness experiments
and are presented in Table 3.3. Corrected zone two-
input energies for NACO and LOVA propellants, respec-
tively, are presented in Figures 3.2 and 3.3 for BP,
BKNO3, NC, MTV, and AP igniter materials as a function
of zone one inert bed length (Ll). If the process for
determining the bed energy losses were correct (including
thermophysical properties), one would expect the
corrected energy levels to have a zero slope with zone
one thickness changes. The NACO data for BP and BKNO
Figure 3.2, exhibit this general trend and suggest
that the 50 percent firepoint for NACO is about 1.0 kcal.
The NACO results for NC and MTV both appear to agree
with the 1.0 kcal ignition energy value at L1 = 1,0 inch,
but both exhibit increasing ignition energy requirements

3'

with increasing zone one length. Since BP igniter
material exhibited high products gas phase mass frac-
tions and the energy correction procedures are based
on gas phase convection heat transfer, the NC and MTV
trends tend to suggest that other heat loss mechanisms
are dominant.

The LOVA results presented in Figure 3.3 for
conventional igniter materials indicate that the
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- Table 3.3 Ignition Effectiveness Experiments:
Fifty Percent Firepoint Results
Corrected Zone Two Input Energy (kcal)
Bed : Igniter Material
Length b B0, . NC . MV BMOO,
Propellant (in) By . NC . W95 AP
NACO 0.0 . )
1.0 0.9 1.0 0.9 -
1'5 008 1..2 2.1 1-6 -
2.0 0.8 1.3 2.4 2.2
LOVA 0.0 2.0 2.4 3.2 2.6 1.0
1.0 2.2 2.7 3.0
: 1!5 3.0 302 3.3 ‘.3 2.0
; 2.0
| NOSOL~318 0.0
‘ 1.0 2.5 1.2
| ‘ | 1.5 2.1 2.2 2.6 2.4
w . 2.0 -
NOSOL~-363 0.0
1.0
".‘ 1.5 2.3 3.8 3-0 4-0
f : 2.0
Pm °o°
1.0
1.5 2.6 i
2.0
r \ i
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LOVA
NACO

FIFTY PERCENT FIREPOINT RESULTS
|
]
1.0
ZoNE ONE (Ll) THICKNESS ~ IN
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~ MTV

~ AP

®
n
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<
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5.0

Figure 3.2 Corrected Zone Two Input Energies for NACO
Propellant as a Function of Inert Bed Length
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ignition energy requirements for LOVA are approxi-
mately twice as great as the NACO requirements. By
contrast, the oxidizer rich AP igniter data indicAate
that the ignitibility boundary of LOVA propellant
can be significantly reduced by the presence of
oxidizer rich species in the igniter stream. The
LOVA data for BP, BKN03, and MTV show a slightly
increasing slope for bed thicknesses up to 1.0 inch
with a noticeable slope increase from 1.0 inch to
1.5 inches. These results indicate that the con-
vective energy correction procedures previously
developed are not adequate for LOVA propellant.

Corrécted zone two input energies for NACO and
LOVA propellants are presented in Figure 3.4 for BP,
BKN03, NC, MIV, and AP igniter materials as a function
of theoretical flame temperature (Tp) at 500 psia.

NACO data are shown for inert bed lengths of 1.5 inches
and 2.0 inches and show no definitive energy minimum
correlation with flame temperature. 1In fact, low
ignition energy levels of 1 kcal were observed for BP
(1930°K) and BKNO; (2890°K), whereas high ignition
energy levels of 2 kcal were observed for NC (2350°K)
and MTV (2650°K). The LOVA results exhibited the same
general trends for conventional igniter materials and

a low ignition energy level of 1 kcal for AP (1400°K). i

Additional corrected zone two energy input corre-
lations are shown in Figures 3.5-3.8 for NACO and LCVA

propellants as a function of the igniter products mass
fraction. Figures 3.5 and 3.6 present the corrected
zone two input energy for NACO and LOVA propellants,
respectively, as a function of the liquid phase mass
fraction where it can be seen that ignition energy
requirements decrease as the liquid phase mass fraction
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increases from 0.0 (NC) to about 0.4 (BP), followed by
a sharp increase at a mass fraction of 0.48 (MTV).

This trend suggests that liquid phase products are
beneficial, but that something present in the BP stream
is absent in the MTV igniter stream. Figures 3.7 and
3.8 present the corrected zone two input energy for

_ NACO and LOVA propellants, respectively, as a function

of gas phase mass fraction where an ignition energy
minimum is observed at a gas phase mass fraction of

0.5 (BP). Both MTV (0.3% gas) and NC (91% gas) exhibit
two~-fold increases in ignition energy requirements
relative to BP. These results suggest that the esta-
blishment of a gas phase convective flow field is

- necessary to the propellant ignition process. Since

BP and MTV both have comparable liquid phase mass
fractions, which should favor propellant heating
(particularly for the higher temperature MTV liquid),
the increased pérformance of the BP igniter system
appears to be a result of the gas phase's ability to
convectively drive the liquid phase through the pro-
pellant bed. By referring to Figures 3.5 and 3.6,

one could speculate that if MTV had a higher gas phase
mass fraction (say 25% to 50% gas), the ignition energy
requirements for MTV would be greatly reduced. On

the other hand, the NC results suggest that an all gas
chemically inert igniter will perform as poorly as a
system with a low gas mass fraction (MTV). Figures
3.5~-3.8 suggest that the optimum igniter product stream
would consist of 30-50% in the gas phase and 30-50%

in the liquid phase. It is felt that the 30~50% liquid
phase mass fraction could be partitioned between the
solid phase and the liquid phase depending upon the
ignition boundary pattern desired in the propellant
bed. That is, if a higher solids mass fraction were
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present, the propellant would trap the hot particles

and propellant ignition would occur locally near the
vents. On the other hand, if a higher liquid mass
fraction were used, the igniter vent jet would penetrate
the propellant bed more completely and a more distri-
buted propellant'ignition boundary would be formed.

3.4 Some Qualitative Observations

Although the major focus of the project was
placed upon determining fifty percent firepoint ignition
energy levels, several general observations were made
during the experimental portions of the project,
especially for NO-fire situations, and will be presented
in this section.

In experiments conducted with NACO propellant,
propellant ignition was easy to achieve for relatively
low igniter energy levels with all igniter materials
tested. In each Bruceton series, the tests usually
consisted of 5-6 YES-fires and 5-6 NO-fires and, in
all cases, the post-test NO-fire propellant was closely
examined. In general, the NACO propellant surface
showed evidence of a melt layer forming with the
presence of craters randomly located on the surface.

In general, post-test propellant weighings indicated

a five percent mass loss had occurred. In most NO-
fire experiments with BP, BKNO3, and MTV, the NACO
propellant grains were fused together by the frozen
melt layer. This situation was never observed in the
NC experiments (although the melt layer was observed),
presumably because the igniter pressure pulse was too
low in magnitude or of insufficient duration to promote
the fusing action. The implication of these observations
is that perhaps the propellant form function during the
early stages of burning bears no resemblance at all to
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qﬁ% the packed bed grain geometry, and in éétuality, much
less area is available for surface burning in the pro-
pellant ignition phase than codes would predict as
necessary for proper ignition transfer.

In experiments conducted with LOVA propellant,
initial tests were conducted with the same igniter
configuration as was utilized with NACO, NOSOL-363,
and NOSOL-318 propellants without achieving any pro-
pellant ignitions (e.g., no bed pressure rise other
than the igniter input pulse) even though LOVA pro-

pellant mass loss as great as fifty percent of the
original mass had taken place. Initial speculation
was that the igniter jet axial velocity was too high
to permit ample residence time for the LOVA first
step decomposition products to fully react (with
sufficient exothermic. heat release) to initiate pro-
F ‘pellant combustion. Igniter vent changes to larger
‘ vents (e.g., reduced vent axial velocity) improved

| the situation slightly, but no prompt LOVA ignitions

were achieved and LOVA "erosive" mass loss was
approaching 79 percent of the original charge. 1In
order to provide greater residence time between the
igniter products and the LOVA products, the bed axial
flow velocity was lowered by reducing the IECD aft
closure bleed orifice by 40 percent. When this change
was made, prompt ignitions were achieved. These

observations suggest that there exists a gas phase
ignition step which is rather slow and requires a
reaction time on the oxrder of the flow transit time.
These tests, in conclusion, show that it was reasonable
to assume that the LOVA gas phase decomposition products
would be fuel rich and, consequently, the reaction
could be accelerated by the presence of oxidizer species
sib in the igniter stream. Subseguent tests were conducted
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with an oxidizer rich ignites (100% AP) and LOVA
ignition energy requirements were reduced 2~3 times
relative to firings conducted with conventional
igniter materials. Although these firings are not
conclusive, there is strong evidence to suggest the
presence of an active, fuel rich LOVA gas phase
decomposition step.
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APPENDIX A

Ignition Effectiveness Test

IECD Run Log
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- IECD IGNITION EFPECTIVENESS TEST DATA
N (Inert Simulant Zone 1 Thickness 0.00 in)

Ignitexr Propellant

FA ' Test Mass ¢m Mass Ignition
' Number Configuration Matl {g) Matl (g)  (yes/no)

2

4001 4080AYV BP 0.0 .5 LOVA 40 No
4002 408BOAV BP 0.0 .5 LovA 40 No
S 4003 4080AV BP 1.0 .5 LovA 40 No
S - 4004 4080AV BP 1.5 .5 wovA 40 No
- 4005 4080AV BP 2.0 .5 Lova 40 No
4006 5113 BP 2.0 .5 LOVA 40 No
4007 5113 BP 3.0 .5 Lova 40 No
4008 5113 BP 4.0 .5 ©LOVA 40 Yes
4009 5113 BP 3.5 .5 LOVvA 40 Yes
4010 5113 BP 3.0 .5 LoVA 40 Yes
4011 5113 BP 2,5 .5 LOVA 40 No
4012 5113 BP 3.0 .5 Lova 40 Yes
4013 5113 BP 2.5 .3 LOVA 40 No
4014 5113 BP 2.8 .3 LovA 40 Yes
‘ 4015 5113 BP 2.5 .3 LOVA 40 Yes
% . 4016 5113 BP 2.2 .3 ILOVA 40 No
4017 5113 BP 2.5 .3 LoVA 40 No
4018 5113 BP 2.8 .3 LovA 40 No
4019 5113 BP 3.1 .3 LOVA 40 ° Yes
4020 5113 BP 2.8 .3 Lova 40 No
. 4021 5113 BP 3.1 .3 LOVA 40 Yes
F 4022 5113 BP 2.8 .3 LovA 40 No
4023 5113 BP 3.1 .3 Lova 40 Yes
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IECD IGNITION EFFECTIVENESS 'TEST DATA

(Inert Simulant 2one 1 Thickness 0.00 in)

.Igniter Propellant
Tent ' Mass Om Mass Ignition
Number Configuration Matl (g) {g) Matl (g) (yes/no)

4024 5113 BKN 1.4 .3  LOVA 40 No
_ 4025 5113 BXN 1.7 .3 lova 40 Yes
o 4026 5113 BXN l.4 .3  LovAa 40 No
ST - 4027 5113 BXN 1.7 .3 Lova 40 Yes
4028 5113 BKN 1.4 .2 Lova 40 No
4029 5113 BKN 1.6 .2 LOVA 40 No
4030 5113 BKN 1.8 .2 LOvVa 40 Yes
4031 5113 BKN 1.6 .2 Lova 40 Yes
: 4032 5113 BKN 1.4 .2 Lova 40 No
4033 5113 BKN 1.6 .2 Lova 40 Yes
4034 5113 BXN 1.4 .2 lova 40 No
4035 5113 BKN 1.6 .2 lLova 40 No
- 4036 5113 © BKN 1.8 .2 lLova 40 Yes
- 4037 5113 BKN 1.6 .2 lova 40 Yes
| 4038 5113 BKN 1.4 .2 lLova 40 No
@
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IECD IGNITION EFFECTIVENESS TEST DATA
(Inert Simulant Zone 1 Thickness 0.00 in)

Ignitexr Propellant
Test Mass Om Mass Ignition
Number Configuration Matl {g) {(g) Matl " {g) (yes/no)
4039 5113 MTV 1.5 .3 LOVA 40 , No
4040 5113 MTV 1.8 .3 Lova 40 Yes
4041 5113 MTV 1.5 .3 LOVA 40 No
4042 5113 MTV 1.8 .3 Lova 40 Yes
4043 5113 MTV 1.7 .2 LOVA 40 No
4044 5113 MTV 1.9 2 LOVA 40 Yes
4045 5113 MTV 1.7 .2 Lova 40 No
4046 5113 MIV 1.9 .2 LOVA 40 Yes_...—
4047 . 5113 MTV 1.7 .2 LOVA 40 Yes
4048 5113 MTV 1.5 .2 LOVA 40 No
4049 5113 MTV 1.7 .2 LOvVA 40 Yes
4050 5113 MTV . 1.5 ] Lova 40 No
4051 5113 MTV 1.7 2 ova 40 No
4052 5113 MTV 1.9 .2 ILOVA 40 Yes
4053 - 5113 MTV J.7 2 Lova 40 Yes
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. IECD IGNITION EFFECTIVENESS TEST DATA
{Inert Simulant Zone 1 Thickness 0.00 in)
Igniter Propellant
Test : Mass 6m Mass Ignition
Number Configuration Matl (g) ~(g) ~ Matl "~ (g)  (yes/no)
4054 5113 NC 2.2 .5 Lova 40 No
4055 5113 NC 2.7 .5 LOVA 40 No
4056 5113 NC 3.2 .5 LOVA 40 No
9 - 4057 5113 NC 3.7 - Lova 40 Yes
- 4058 5113 - NC 3.2 .5 Lova 40 No
4059 5113 NC 3.7 .4 ILOVA 40 Yes
4060 5113 NC 3.3 .4 Lova 40 Yes
4061 . 5113 NC 2.9 .4 LOVA 40 No
4062 5113 NC 3.3 .4 Lova 40 No
4063 5113 NC 3.7 .4 ova 40 Yes
4064 - 5113 NC 3.3 .4 Lova 40 No
4065 ' 5113 NC 3.7 .4 LOVA 40 Yes
4066 5113 NC 3.3 .4 LOvVA 40 No
4067 5113 NC 3.7 .4 LOVA 40 No
) , 4068 5113 NC 4.1 .42 Lova 40 Yes
Q | 4069 5113 NC 3.7 .4 IovAa 40 Yes
|
.{
!
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IECD JGNITION EFFECTIVENESS TEST DATA
(Inexrt Simulant Zone 1 Thickness 0.00 in)

Igniter . Propellant
1 Test Mass Sm Mass Ignition
Number Configuration Matl {g) (g) Matl (g) {yes/no)
g 4133 5113 AP 2.0 1,0 LOVA 40 Yes
4134 5113, AP . 1.C .5 Lova 40 - No
S 4135 5113 AP 1.5 .2 LOVA 40 Yes
y 4136 - 5113 AP 1.3 .2 LOVA 40 Yes
;[ . a37 : 5113 AP 1.1 .2 LOVA 40 No
B 4138 5113 AP 1.3 .2 LOVA 40 Yes
4139 5113 " AP 1.1 .2 Lova 40 No
4140 5113 AP 1.3 .2 LOVA 40 Yes
4141 5113 AP 1.1 .2 LOVA 40 No
4142 5113 AP 1.3 .2  1OVA 40 No
4143 .. 5113 AP 1.5 .2 LCVA 40 Yes
4144 5113 ap 1.3 .2 LOVA 40 Yes
4145 5113 AP 1.1 .2 LOVA 40 No
4146 5113 AP 1.3 .2 LOVA 40 Yes
.':J
o
gy
3
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IECD IGNITION EFFECTIVENESS TEST DATA
(Inert Simulant Zone 1 Thickness 1.00 in)
- Igniter " Propellant
Test ’ ’Massy Sm _ Mass Ignition
Number Configuration Matl (g) = (g) Matl Lg) - (yes/no)
173 4080AV PRIMER ONLY NACO 40 No
174 4080AV BP 1.0 -3  NACU 40 Yes .
175 4080AV BP .7 .3 NACO 40 - No
176 : 4080aW BP 1.0 .3 NACO 40 No-
177 4080RV BP 1.3 .3 MACO 40 No
178 ‘4080AV BP 1.6 .3 NACO 40 Yes
179 _ 4080AV BP 1.3 .3 NACO 40 No
180 4080AV BP 1.6 .3 NACO 40 Yes
181 . 4080AY BP 1.3 .3 NACO 40 Yes o
182 4080AV BP 1.0 .3 NACO 40 No
183 4080aV BP 1.3 .3 NACO 40 Yes
184 4080AV BP 1.0 .3 NAcCoO 40 No
185 4080AV BP 1.3 .3 NACO 40 Yes
i
|
!
1
|
i
|
i
A-6

ERNE SN 4

' i ' 30 .. \ .
¥ m‘.mr.nﬁ.}mm’ \L '.i.l\.y_" "\.‘!L\L -L:\L"l ‘!.\ *, -\1 WAL AL




IECD ISNITION EFFECTIVENESS TEST DATA
{(Inext Simulant Zone 1 Thickress 1.00 in)

Igniter Propellant

' Test B Mass 6m - Mass  Ignition
Number Configuration ~ Matl "' (g) " "(g) ~ Matl " (g) ° (yes/no)
s © 186 4080AV BKN .6 .1 NACO 40 No
o 187 4080AV BKN .7 .1 Naco 40 Yes
188 4080AV BKN .6 .1 Naco 40 No
189 40802V . BKN .7 .1 NACO 40 Yes
190 4080V BKN .6 .1 NACO 40 No
191 " 4080AV BKN .7 .1 NACO 40 Yes
192 4080AV BKN .6 .1 NaCO - 40 No
193 ~ 4080AV BKN .7 .1 NACO 40 No
194 . 4080AV BKN .8 <1 NACO 40 Yes
- 195 4080AV ' BKN .7 .1 NACO 40 Yes
L 196 4080AV BKN .6 .1 NACO 40 No
Ol
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IECD IGNITION EFFECTIVENESS TEST DATA
(Inert Simulant Zone 1 Thickness 1.00 in)

Igniter
Test Mass Om
Number Configuration  Matl (g) {g)
1001 4080AV NC 2. .5
1002 4080aV NC 1.5 «5
1003 4080V NC 2.0 .2
1004 4080AV NC 1.8 .2
1005 4080AV NC 1.6 .2
1006 4080AV NC 1.4 .2
1007 4080AV NC 1.2 .2
1008 4080AV NC 1.0 .2
1009 4080AV NC 1.2 .2
1010 4080AV NC 1.2 .2
1011 4080AvV NC 1.0 .2
1012 4080AV NC 1.2 .2
1013 4080AV NC l.0 .2
1014 4080AV NC 1.2 .2
1015 4080AV NC 1.2 .2
1016 4080avV NC 1.2 .2
1017 4080AV NC 1.0 .2
1018 4080AV NC 1.2 .2
1019 4080AV NC 1.0 .2
1020 4080AV NC 1.2 .2
1021 4080aV NC 1.2 .2
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Propellant
Mass  Ignition
Matl (g) (yes/no)
NACO 40 Yes
NACO 40 No
NACu 40 Yes
NACO 40 Yes
NACO 40 Yes
NACO 40 Yes
NACO 40 Yes
~NACO 40 No
NACO 40 No
NACO 40 Yes
NACO 40 No -~
NACO 40 Yes
NACO 40 No
NACO 40 No
NACO 40 No
NACO 40 Yes
NACO 40 .No
NACO 40 Yes
NACO 40 No
NACO 40 _No
NACO 40 Yes
e e N e A T e e e e
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IECD IGNITION EFFECTIVENESS TEST DATA
{Inert Simulant Zone 1 Thickness 1.00 in)

k Igniter Propellant

B o : Test Mags om " Mass Ignition

Number Confiquration Matl {(g) {g) Matl ' (g) (yes/no)
1095 4080AV BMO 4.0 .5 NACO 40 No
1096 4080AV BMO 4.5 .5 NACO 40 Yes
1097 4080AV BMO 4.0 .5 NACO 40 Yes
1098 4080AV BMO 3.5 .5 NACO 40 No
1099 4080AV BMO 4.0 .5 NACO 40 Yes
1100 4080AV BMO 3.5 .5 NACO 40 Yes
1101 4080AV ~ BMO 3.0 .5 Naco 40 No
1102 4080AV BMO 3.5 .5 NACO 40 No

L . 1103 4080AV BMO 4.0 .5 NACO 40 Yes

: 1104 4080AV BMO 3.5 .5 NACO 40 Yes

. 1105 4080AV EMO 3.0 .5 NACO 40 No

@
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IECD IGNITION EFFECTIVENESS TEST DATA
(Inert Simulant Zone 1 Thickness 1.00 in)

‘ Igniter _ Propellant
Test Mass Sm Mass Ignition
Number Configuration Matl g). (g) Matl (q) (yes/no)
2001 4080AV BKN 1.4 .2 N318 40 Yes
2002 . 4080AV BKN 1.2 .2 N318 40 No
2002 4080V BKN 1.4 .2 N318 40 No
AT ' 2004 4080aYV BKN . 1.6 .2 N318 4c No
' . 2005 4080AV BKN 1.8 .2 N318 40 No
2006 4080AY BKN 2.0 .2 N318 4G No
2007 - 4080AV BKN 2.2 .2 N318 40 Yes
2008 . 4080AV BKN 2.0 .2 N318 40 Yes
. 2009 4080AV BKN 1.8 .2 N318 40 Yes
: , 2010 4080AV BKN 1.6 .2 N318 49 No
' - 2011 4080AV BKN 1.8 .2 N318 40 No
2012 4080AV BKN 2.0 .2 N318 40 Yes
2013 4080AV BKN 1.8 .2 N318 40 No
-2014 4080AV BKN 2.0 .2 N318 40 Yes
I.
Fro
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IECD IGNITION EFFECTIVENESS TEST DATA
(Inext Simulant Zone 1 Thickness 1.00 in)

Igniter Propellant
Test \ Mass Sm Mass 1Ignition
Number Confiquration Matl ~ (g) ‘{g) ‘Matl (g) ‘{yes/no)
2015 4080AV NC 2,3 .3 N318 40 Yes
2016 4080AV NC 2.0 .3 N318 4C Yes
2017 4080AV NC 1.7 .3 N318 40 Yes
2018 4080AV NC 1.4 .3 N318 40 No
2019 4080AV NC 1.7 .3 N318 40 Yes
2020 4080AV NC 1.4 .3 N318 40 No
2021 4080AV NC 1.7 .3 N318 40 Yes
2022 4080AV NC 1.4 .3 N318 40 Yes
2023 4080AV NC 1.1 .3 N318 40 Yes
2024 4080AV NC .8 .3 N318 40 No
2025 4080AV NC 1.1 .3 N318 40 No
2026 4080AV NC 1.4 3 N318 40 Yes
2027 4080AV NC 1.1 .3 N318 40 No
A-11

A N NN e T e o ST T o e T N




RO e A N S P i O i

IECD IGNITION EFFECTIVENESS TEST DATA
(Inert Simulant Zone 1 Thickness 1.00 in)

! Igniter Propellant
N o Mass Om Mass Ignition

Y Configuration Matl (g) (g) Matl (g) (yes/no)
5113 BP 3.5 .5 LOVA 40 No
5113 BP 4.0 .5 LOovAa 40 Yes
5113 BP 3.5 .5 Lova 40 No
5113 BP 4.0 .5 Lova 40 Yes
; 5113 BP 3.5 .3 LovA 40 No
: 5113 BP 3.8 .3 LOVA 40 No
5113 BP 4.1 .3 LOvA 40 Yes
' 5113 BP 3.8 .3 1ova 40 No
5113 BP 4.1 .3 Lova 40 No
5113 BP 4.4 .3 LOvVA 40 Yes
5113 BP 4.1 «3 LOVA 40 Yes
5113 BP 3.8 .3 Lova 40 No
5113 BP 4.1 ...3 LOVA 40 Yes
5113 BP 3.8 .3 LOVA 40 No
| 5113 Bp 4.1 -3 LOVA 40 No
L
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IECD IGNITION EFFECTIVENESS TEST DATA
{(Inext Simulant 2one 1 Thickness 1.00 in)
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Igniter Propellant

Test ‘ Mass 6m Mass 1Ignition
Number Configuration Matl " (g) (g) 'Matl " (g) ° (yes/no)
4100 5113 BKN 2.4 .3 LOVA 40 Yes
4101 5113 BKN 2.1 .3 1Lova 40 No
4102 5113 BKN 2.4 .3 Lova 40 Yes
4103 5113 BKN 2.1 .3 LOVA 40 Yes
4104 5113 * BKN l.8 .3 LOVA 40 No
4105 5113 BKN 2.1 .3 Lova 40 No
4106 5113 BKN 2.4 .3 Lova 40 Yes
4107 5113 BKN . 2.1 .3  Lova 40 Yes
4108 5113 BKN 1.8 .3 LOVA 40 No
4109 5113 BKN 2.1 -3 LoV 40 Yes
4110 5113 BKN 1.8 .3 LOva 40 No

A-13

o

.




DA W R AT T, AT e AL W W S W & &L AT . Rl W @ .8 AL Rm LW . WeTaAT T &T. .

IECD IGNITION EFFECTIVENESS TEST DATA
{Inext Simulant Zone 1 Thickness 0.00 in)

' Igniter Propellant
E, 8 - " . Test Mass Om Mass Ignition
. Number Configuration  Matl (g) (g) = Matl (g) {yes/no)
4111 5113 BMO 5.0 1.0 Lova 40 No
4112 5113 _ BMO 6.0 2.0 Lova 40 No
4113 5113 BMO 8.0 2.0 Lova 40 No
F w5 4114 5113 BMO 10.0 5.0 Lova 40 No
' : + 4115 5113 BMO 15.0 - LOVA 40 No
4116 5113 BMO/NC 6.0 1.0 Lowa 40 No
4117 5113 BMO/NC 6.0 2.0 Lova 40 No
™ N N
.«
|
r !
‘ |
|
i
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F' 4 IECD IGNITION EFFECTIVENESS TEST DATA
(Inert Simulant Zone 1 Thickness 1,00 in)

|

: Igniter ' Propellant

; Test Mass Sm Mass Ignition

NMumber Configuration Matl _(g) (g) 'Matl (g)  (yes/no)

4118 5113 MTV 2.0 3 LOVA 40 No
4119 5113 MTV 2.3 .3 ~LOVA 40 Yes
4120 5113 MTV 2.0 .3 LOVA 40 No
4121 5113 MTV 2.3 .3 LOVA 40 Yes
4122 5113 MTV 2.0 -2 LOVA 40 Yes
4123 5113 MIV 1.8 .2 LOVA 40 No
4124 5113 MTV 2,0 .2 LOVA 40 Yes
4125 5113 MTV 1.8 .2 LOVA 40 No
4126 5113 MTV 2.0 .2 LOVA 40 Yes
4127 5113 MTV 1.8 .2 LOVA 40 No
4128 5113 NTV 2.0 .2 LOVA 40 Yes
4129 5113 MTV 1.8 .2 LOVA 40 No

; 4130 5113 MV 2.0 .2 Lova 40 No

4131 5113 MIV 2.2 .2 LOVA 40 Yes

- 4132 5113 MTV 2.0 .2 LOVA 40 No

K |

|

|

|

|

|

\

\

|

|
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IECD IGNITION EFFECTIVENESS TEST DATA
{Inert Simulant 2Zone 1 Thickness 1.50 in)

Igniter Propellant
Test Mass Om Mass Ignition
Number Configuration Matl " (g) ‘{g) Matl (g) {yes/no)
1018 4080AV-R BP .6 .1 NACO 40 No
102E 4080AV-R BP .7 .1 NACO 40 No
| 103E 4080AV-R BP .8 .1 NACO 40 No
}- 104E 4080AV~R BP .9 .1 NACO 40 No
105E 4080AV-R BP 1.0 .1 Naco 40 No
106E 4080AV-R BP 1.31 .1 NACO 40 No
107E 4080AV BP 1.31 .1 Naco 40 Yes
1088 40802V BP 1.0 .1 NACO 40 Yes
101 4080AV BP .7 .1 NACO 40 No
102 4080AV BP .8 .1 Naco 40 No
103 4080AV BP .9 1 NACO 40 Yes
104 4080AV BP .8 .1 NACO 40 No
105 4080AV BP .9 .1 NaCo 40 No
: 106 4080AV BP 1.0 .1  Naco 40 No
107 4080AV BP 1.1 .1 Naco 40 Yes
F . 108 4080AV BP 1.0 .1 NACO 40 No
109 4080AV BP 1.1 .1 NACO 40 No\
110 4080AV BP 1.2 .1 NACO . 40 No
111 4080AV BP 1.3 .1 NACO 40 No
112 4080AV BP 1.4 .1 NACO 40 No
113 4080AV BP 1.5 .1 NACO 40 No
114 4080AV BP 1.6 .1 NACO 40 No
115 4080AV BP 1.2 .3 NACO 40 No
116 4080AV BP 1.5 .3 NACO 40 No
117 4080AV BP 1.8 .3 NACO 40 No
118 4080AV BP 2.1 .3 NACO 40 Yes
119 4080AV BP 1.8 .3 NACO 40 Yes
120 4080AV BP 1.5 .3 NACO 40 No
121 4080AV BP l.8 .3 NACO 40 Yes
122 4080AV BP 1.5 .3 NACO 40 Yes
123 4080AV BP 1.2 .3  NACO 40 No
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Test.
Egyber

C 124
125
126
127
128
129
130
131
132

~

IECD IGNITION EFFECTIVENESS TEST DATA
{(Inert Simulant Zone 1 Tiiickness 1.50 in)

Igniter
Mass
nfiguration Matl ' (qg)
4080AV BKN .8
4080AV BKN .6
4080AV BKN .8
4080AV BKN 1.0
4080AV BKN 1.2
4080AV BKN 1.0
4080AV BKN .8
4080AV BKN 1.0
4080avV BKN .8

A-17
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Propellant

Mass Ignition
Matl - (g) (yes/no)
NACO 40 Yes
NACO 40 No
NACO 40 No
NACO 40 No
NACO 40 Yes
NACO 40 Yes
NACO 40 No
NACO 40 Yes
NACO 40 Yes




IECD IGNITION EFFECTIVENESS TEST DATA

(Inert Simulant Zone 1 Thickness 1.50 in)

Igniter
Test
Number Configuration Matl
133 4080AV NC
134 4080AV NC
135 4080AvV NC
136 4080AV NC
137 4080AV NC
138 4080avV NC
139 4080aV NC
140 4080AV NC
141 4080AV NC
142 4080AV NC
143 4080AV NC
144 4080AV NC
r'aa
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Mass
_(g)
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Sm

)
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.3
.3
-3
.3
.3
.3
.3
.3
.3

Propellant

Mass Ignition
Matl (q) (yves/no)
NACO 40 No
NACO 40 No
NACO 40 No
NACO 40 No
NACO 40 Yes
NACO 40 Yes
NACO 40 No
NACO 40 Yes
NACO 40 No
NACO 40 No
NACO 40 No
NACO 40 Yes
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IECD IGNITION EFFECTIVENESS TEST DATA
(Inert Simulant Zone 1 Thickness 1.50 in)

Igniter Propellant
Test Mass ém Mass Ignition
Number Configuration Matl (g) ~ (g) Matl - _(g) “{yes/no)
145 4080AV MTV 1.2 .8 NACO 40 No
146 4080AV MTV 2.0 .3 NACO 40 Yes
147 4080AV MTV 1.7 .3 NACO 40 Yes
148 4080AV MTV 1.4 .3 NACO 40 Yes
149 4080AV MTV 1.1 .3 NACO 40 No
150 4080AV MIV 1.4 .3 NACO 40 Yes
151 4080AV MTV 1.1 -3 NACO 40 No
152 4080AV MTV 1.4 .3 NACO 40 Yes
153 4080AV MTV 1.1 .3 NACO 40 Yes
154 40802V MTV .8 .3 NACO 40 No
155 4080AV MTV 1.1 .3 NACO © 40 Yes
156 4080AV MTV .8 3 NACO 40 No
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IECD IGNITION EFFECTIVENESS TEST DATA
(Inert Simulant Zone 1 Thickness 1..50 in)

Igniter
Test Mass
Number Configuration Matl (g)
157 4080AV BMO 3.0
158 4080AV BMO 5.0
159 4080AV BMO 4.0
160 4080AV BMO 4.5
161 4080AV BMO 5.0
162 4080AV BMO 5.5
163 4080AV BMO 6.0
164 4080AV - BMO 5.5
165 4080AV BMO 5.0
166 4080AV BMO 5.5
167 4080AV BMO 5.0
168 4080AV BMO 5.5
169 4080AV BMO 6.0
170 4080aV BMO 6.5
171 4080AV BMO 6.0
172 4080AV BMO 6.5
A-20
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.5
»5
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Propellant

Mass Ignition
Matl {3) {yes/no)
NACO 40 No
NACO 40 Yes
NACO 40 No
NACO 40 No
NACO 40 No
NACO 40 No
NACO 40 Yes
NACO 40 Yes
NACO 40 No
NACO 40 Yes
NACO 40 No
NACO 40 No
NACO 40 No
NACO 40 Yes
NACO 40 No
NACO 40 No
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IECD IGNITION EFFECTIVENESS TEST DATA
(Inert Simulant Zone 1 Thickness 1.50 in)
Igniter Propellant
Test Mass Sm Mass Ignition
Number Configuration  Matl (9) (g) Matl (g) (yes/no)

201 4080AV BP 1.65 .6 N318 40 No
202 4080AV BP 2.25 .6 N318 40 Yes
203 4080AV BP 1.65 .6 N318 40 No
204 4080AV BP 2.25 .6 N318 40 No
205 4080AV BP 2.85 .6 N318 40 No
206 4080AV BP 3.45 .6 N318 490 No
207 4080AaV BP 4,05 .6 N318 40 No
208 4080AV BP 3.45 - NACO 40 Yes Zone 1
209 4080AV BP 2.00 - N318 40 No Thickness
210 4080AV BP 3.00 - N31l8 40 Yes 0.0 in
211 4080AV BP 4.65 .6 N318 40 No
212 4080AV BP 5.25 .6 N318 40 Yes
213 4080AV BP 4.65 .6 N318 40 No
214 40807V BP 5.25 .6 N318 40 Yes

, 215 4080AV BP 4.65 .6 N318 40 Yes

Q 216 4080AV BP 4.05 .6 N318 40 No
217 No Test Conducted
218 4080AV BP 4.70 .3 N318 40 No
219 4080AV BP 5.00 3 N318 40 Yes
220 4080AV BP 4.70 .3 N318 40 Yes

) 221 4080AV BP 4.40 .3 N318 40 No

F . 222 4080AV BP  4.70 .3 N318 40 Yes
223 4080AV BP 4.40 3 N31l¢& 40 No
224 4080AV BP 4.70 .3 N318 40 Yes
225 4080AV BP 4.40 .3 N318 40 Yes
226 4080AV BP 4.10 .3 N318 40 Yes
22