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INTRODUCTION

A need has been frequently expressed for quantitative
data oa the depth of penetration of deterrent coatings on the
propellants used in the current small caliber cartridges.
Such data are required as inputs for interior ballistic computer
programs that deal explicitly with the characteristics of the
deterred layer. Although suca programs have been developed,
their use is severely limited because of the lack of reliable
input data, especially those data dealing with the outer
regions of the propellant erains that have been impregnated
with deterrent (ref 1). Data on the deterred layer are also
needed in the analysis of pressure-~time curves from closed-
bomb firings that were conducted to investigate the burning
behavior of consolidated charges (ref 2). Similarly, other
interior ballistic efforts aimed toward defining the ignition
and combustiou processes occurring in small caliber clharges

depend on knowledge of characteristics of the deterred layer (ref 3).

The depth of penetration of the deterrent, its chemical
ident ity, and its concentration level ir the propellant
are believed to characterize the deterred region from a
chemical point of view for purposes of interior ballistic
calculations (ref 4). The reason that the depth of penetration
and the concentration of deterrent in the total propellant
composition are considered sufficient to chemically characterize
the deterred layer is due to the specilal shape of the concentration
profile of the deterrent in propellant grains.

Thie deterrent concentration profile has been determined
to have the shape depizted in figure 1 extracted f{rom reference 5.
The {igure shows the shape of a diffusion front of a giveu
plasticizer into a polymer matrix. This shape indicates that
the deterrent concentration is nearly constant in the deterred
layer and falls off{ sharply at the boundary line. The shape

is attributed to th:2 interactiun betwéen the plasticizer

(i.e., the deterreut) and the polymer (i.e., nitrocellulose) (vef 6).

Microscopic studies of microtomed :ections as well as auto-
radiographic studies of the councentration profile of di-n-butyl
phthalate (DBP) in double-base ball propellants have confirmed the
shape of figure 1 for ball propellants (refs 7, 8, 9). These
studies also indicated that the depth of penetration observed with
the optical microscope corresponds to the actual depth.
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Figure 1. Concentration profile of interacting
plasticizer diffusing into polymer matrix.

As a result of an extensive study of the diffusion of DBP
into double-base ball propellants, a method for calculating the
depth of penetration for ball propellants was developed (ref 9).
This method is based on the conclusion that the final concentration

profile can be hest explained by a diffusion with interaction
mechanism.

Studies of the depth of penetration have also been done on
single-base extruded and double-base extruded propellants by means
of microscopic studies of microtomed sections (refs 10, 11). How-
ever, the specific materials studied were experimental propellants
not used in current cartridges. An extensive study of the concen-
tration gradient of extruded propellants deterred with camphor,
diethyl phthalate, or ethyl centralite has been reported. The
method used involved the extraction and subsaquent chewical analysis
of microtomed sections. Both gas chromatography and mass spectrometry
were used in the analysis. The studies indicate that, as with
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ball propellants, the shape of the deterrvent gradient is as depicted
in figure 1 (ref 12). Consequentiy, in this study, the assumption
is that the shape of the concentration profile of the deterrent
resembles figure 1 for extruded propellants,

The consequence of a square-wave deterrent concentration
profile is that one can assume a constanc l.vel of deterrent in
the deterred region and that all of the dererrent in the propellant
is evenly distributed through the deterred region. Furthermore,
one can confidently use optical means for measuring the depth of
penetration,

From the depth of penetration data, one can calculate the
composition of the deterrent-containing region and the composition
of the undeterred region from the known overall compositions.

Once the compositions are known, one can obtain the thermochemical
properties. In this study, two computational approaches were
used, the Hirschfelder-Sherman methed anc the BLAKE code.

In addition to the thermochemical data, knowledge of the
burning rate behavior of the propellants, as a functlion of pressure,

is required input for the more advanced swmall arms interior ballistics

calculations. TFor DBP deterred, double-base, ball propellants,
the burning rate versus pressute relationship of the deterred
layer can be obtained from the concentration of dibutyl phthalate,
nitroglycerin, and nitrccellulose in that layer. This was made
possible as a result of extensive closed-bomb studies aimed toward
establishing the relationship between the chemical composition of
various layers in ball propellants and their burning rate behavior
(ref 13). A simplified approach had been proposed previously and
this approach includes a means for dealing with the grain size
distribution found in ball propellants (ref 4).

EXPEFIMENTAL
Materials

The propellants selected for this efforc are listed in table 1
along with some of the cartridges in which they are used. The
propellants are representative of dcuble-base ball propellants and
of single-base extruded propellants coated with either dinitro-
toluene, ethylene dimethacrylate, cr wmethyl centralite.

Measurements

The propellant grains were mounted on ceramic insulator rods
approximately 3.2mm in diameter with Titebond Clue (Franklin Glue

Co.). Thin sections, 20 to 30u thick, were then made with a sliding
microtome,




Table 1. Propellants used in this study and their applications.

Propellant Designation®

WC 846

weC 870

IMR 4227

IMR 4350

IMR 8138M

IMR 4895

IMR 5010

CMR~160

Cartridge Type

7.62 mm NATO, Match 118
Ball M80

Tracer M62

AP Mé61

Ball M59

Reference b
(5.56 mm Ball M193)".

20 mm HPT
M54A1 HEI
M56A3.

Not used in current military
cartridges., Used in experimental
caseless and consolidated charge
munitions,

Closed-bomb standard,

Not used in current military
cartridges, Had been used in
7.62 mm NATO, Ball M8O0.

Cal. .30 Match M72, API Mi4,
grenade rifle M3, AP M2, ‘lracer
M25, Ball M2, Reference,

7.62 mm NATO Match M118.

Cal. .50 Tracer M17, M10, M1,
Ball M33, APIT M20, API M8, AP M2,

Experimental double-base extruded
propellant for 7.62 mm cartridges,

%he propellants used in this study, along with their chemical

composition, are given in table 2,

The grain dimensions of the

extruded propellants or sieve-size distributions for the ball

propellants are listed in table 3.

bSince 1971, the ball propellant used in this cartridge has been
designated as WC 844 and is nearly identical to WC §46.
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Measurements were made with a Leitz, Inc., Multipurpose,
Measuring Microscope. This microscope is fitted with a digital micro-
meter, model 4098, and with a readout unit, model 1-525.5, both made
by IKL, Inc. The unit provides automatic digital readout of measure-
ments made with the microscope. A camera attachment with a polaroid
pack affords the means for making the photomicrographs.

The deterred layer was readily evident in the ball propellants,
i.e., in WC 846 and WC 870, and in IMR 8138M and IMR 5010. However, in
the IMR 4227, IMR 4350, and IMR 4895, and in the CMR 160 propellants,
the deterrent-containing regions were difficult to distinguish. Micro-
tomed sections of those propellants were treated with an alcoholic
solution of crystal violet as suggested by Quinlan (ref 10) to cbtain
sufficient contrast between the deterred and undeterred regions. All
measurements and photomicrographs were made with a combination of
incidert and transmitted light.

Five to ten grains were usually sectioned and five to ten
sections were made from each grain. Since the thickness of the
deterred layer often varied at different locations on the grain, the
deterrent penetration was measured at a minimum of four locations to
obtain measurements more representative of the grain as a whole.

RESULTS

Photomicrographs of sectioned grains of the various propellants
are given in figures 2, 3, and 4. The results of depth of penetration
measurements are given in table 4,

The mean depth of penetration of DBP in the WC 870 propellant
(DBP concentration 5.68 percent) obtained in this study was 56.0u
(0.0022 inch). This can he compared with results obtained by Brodman,
et al. (ref 9) where WC 870 bave grain propellant was used. For a
DBP concentration of 5.17 percent, a dept. of penetration of 42.2u
(0.0017 inch) was reported. For a DBF concentration of 6.53 percent,
a depth of penetration of 47.5u (0.0019 inch) was reported. The
agreement of the results is satisfying in view of the fact that the
propellants involved were not ideutical and that the deteiring
processes were somewhat different.

Small arms propellant lots are usually blends of two or uore
sublots. Blending is necessary because the quality of the product of
the propellant manufacturing process is difficult to control to a high
enough degree. In part, this difficulty arises from the major propel-
lant ingredient, nitrocellulose, derived frnom a natural product, for
example, wood pulp, whose quality varies. 1In addition, dimensional
control o) the grains and control of the deterrent level and depth of
penetration are not sufficiently high.

oo e L2 ¢ ancibi CEECTER S




WC 870 75.6X

WC 846 31.5X WC 846 75.6X

Figure 2. Photomicrographs of sectiuns of WC 870 and
WC 846 ball propellants.
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IMR 4227 75.bX IMR 4350 75,6X

IMR 8138M 75.6X

Figure 3.
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IMR 4895 75.6X

Photomicrographs of sections of IMR 4227,
IMR 4350, and IMR 4895 propellants.




IMR 5010 31.5X

CMR 160 75.6X

Figure 4, Photomicrographs of sections of IMR 5010 and

CMR 160 propellants.
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Two or mcre different sublots of propellant are usually blended
to meet ballistic performance requirements. Consequently, & given
lot can contain grains from different base grain lots and from

different coating runs with different deterrent levels and depths of
penetration.

Industry practice is. at least with the propellants dealt
with in this report, that materials are not blended which differ widely
in ballistic behavior. Nevertheless, because small arms propellant lots
are blends, no attempt was made to systematize the measurements in
terms of the base grain composition or in terms of deterrent. Rather,
the data on depth of penetration are presented in terms of the mean
zud standard deviation for use as computer input for interior ballistic
calculations,

THERMOCHEMICAL CALCULATIONS

Once the depth of penetration is known, and using the overall
composition of the propellant, one can calculate the compositions
of the deterred and undcterred regions of small arms propellant
grains, Furthermore, this then permits calculation of thermochemical
data such as impetus and flame temperature for the separate regions.
One can also estimate burning rate versus pressure parameters frcm
these data using various empirical estimation techniques.

The procedure used in this study for calculating the composition
of the deterrent-containing and undeterrved region of the ball propel-
lants is described first., The procedure is complicated by the fact
that the ball propellant manufacturing process results in a fairly
wide size distribution of particles that are more or less spherical.
After the particles have been classified by sieving, those particles
within a certain size range are deterrent coated. If the product is
a rolled-ball propellant, the deterrent-coated particles are passed
through rollers which transform the spherical particles into discs
of uniform thickness. The larger particles are most severely
distorted and may exhibit fissures or notches.

The procedure used to obtain the compositions of the deterred
and undeterred regions of WC 846 propellant, which is a rolled-ball
type, follows the model developed by Goldstein (refs 14, 15).

In these calculations, the following assumpt’ons are made:

1. The grains have the form of discs with rounded edges

and have a uniform thickness (see figure 5, which is taken from ref-
erence 15).
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Figure 5. Geometry of a rolled-ball grain.
2. The deterrent concentration gradient is a step function,
as in figure 1.
3. The nitroglycerin, which is diffused into the grain
after formation of the spherical particles, 1s assumed to be
uniformly distributed throughout the grain.
Since the particle size varies, the description of the grain
geometry of a given ball propellant for purposes of intericr ballistic
calculations can be expressed as the equivalent mecan diameter DO(S)
based on particle surface area (ref 15). DO(S) is calculated from
the following equation with the particle size distribution obtained
from a sieve analysis of the propellant.
T 12
D orp? Fa
1 oy
() 1
DO = F |
Z_i (1)
o vi
1 -
. Nivi ]
where, Fi =TV
t
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{ = average radius of grains within a given sieve range.

v, = the initial volume of single grain of radius Ry
Vt = volume occupied by a unit weight of propellant ‘
Ni = number of grains having radiua Ri {

Description sheets accompanying ball propellant losts usually give
the sieve analysis results. The particle size distribution for WC 846,
Lot BAJ 45608, used in this study, is given in table 3, Values

(s)

used for calculating Dr for the propellant are given in table %,

Table 5. Values for calculating DO(S) WC 846

F U.S. L 1@ R, D v, ¢
i Sieve No. Sieve 4 i 1
Opening
- (um) — (mm) (mm) (mm)
20 .841
.011 25 .707 774+ 4684 .2208
.205 30 ,595 .651 .3814 .1396
.250 35 .500 .548 .3086  0.0879
.502 40 .420 460 . 2464 0.0527
.028 45 .354 .387 1947 0.03045
.002 50 .297 .326 1546
a h
T & Bt
i 2
b "
72T - (firn (2)
i
where r = ¥&b . 0:381 _ 4 1905un
2 2
(o4

Vi = average volume of a rolled ball grain within a given sieve
size range,.

14




The average volume of the rolled-ball grains is given by:
5o . = 22| =
Vo= 2rr (R-r) n°r (R-r) + 4 r (3) J
3

(8)

The value for DO was obtained by inserting the appropriate

number intoc equation 1. ¥For the WC 846 propellant lot BAJ 45608,
b ¢ = 0.5473 mm,

If the depth of penetration of deterrent is x, the volume of the
undeterred region Vun is:

Voo = 2n(ikr)2(r-x) + 12 (- x)2 (R-r) + 4(r-x) ! (4)
d ' 3'" 1
~ 4

The total grain volume V; was found to be 0.0670 mm3, and the
volume of the undeterred larger Vun was found to be 0.0381 mm (ref 3).

Then, the undeterred region occupies:

Vun X 100 = 56.87% of the volume of the grain.

1

<l

(¢}

On the assumption that all of the deterrent, DBP, i.e., 5.28
percent (table 2) was located in the deterred region, the concentration
of that region was found to be 12,24 percent. The composition of
the deterred and undeterred regions was then calculated and is given
in table 6 along with the overall composition given in table 2. De-

b tails of Lhis part of the calculation are given in the appendix.

The values for moisture (HZO) and residual solveut have been

erbitrarily taken to be equal to one-half of the total volatiles in
the following tables, This was done because the reported values for
moisture are obtained by empirical methods and the validity is
questionable.
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Calculation of the composition of the deterrent-containing and.
undeterred region of the spherical ball propellant (unrolled) WC 870 ‘
follows the same procedure, except that the geometry of the grain is
assumed to be a4 sphere which simplifies the applicable equations {(i.e.,
equations 2, 3, and 4) accordingly.

(8)

The weighted mean diameter based on surface area D0 of the {

grain of WC 870 Lot A.L. 45137 was found to be 0.7902 mm. The
average grain volume, V, was 2.584x10-4cm3. The average volume of
the undeterred region, Vun, was found to be l.649x10-4cm3 and the

undeterred region 1in the WC 870 propellant was found to occupy
63.79 percent of the total volume of the grain. The compositions of
the deterred and undeterred layers determined from these results are
given in table 5.

The extruded propellants have a uniform grain geometry (i.e.,
single perforated cylinders) as given in table 3. Calculation of the
composition of the deterred and undeterred regions for these propellants
involves the following steps:

1, Calculate the volume of the total grain.

2. Calculate the volume of the deterred reglon using
the measured depths of deterrent penetration in table 4.

3. Assuming that all of the deterrent is concentrated
in the deterred region, calculate the concentration of the
deterrent in that region. Then, obtain the concentrations of
the other constituents.

4. Assuming total absence of the deterrent in the
undeterred region, calculate its composition.

The results of these computations for the extruded propellants
are given in tables 8 and 9, along with their overall chemical
composition. For purposes of comparison, the percentage of the
propellant grain volume, occupied by the deterrent-containing
rer r for each of the propellants is listed in table 10.

Two methods were used for calculating the thermochemical
properties assoclated with the compositions given in tables 6, 7, 8,
and 9 were used. One of these was the Hirshfelder-Sherman
Additive Constant method (ref 16). A computer program (ref 17)
based on this method, was used for these calculations,
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Table 6. Overall chemical composition of W. 846. Lot BAJ 45608 and
the composition of the deterred and undeterred regions

Overall Undeterred Deterred
Ingredient Composition (%) Layer (%) Layer (%)
Nitrocellulose 81.40 86.23 75.01
%Z nitrogen (13.16) (13.16) 13.16
Nitioglycerin 10.39 11.00 9.57
Dibutyl phthalate 5.61 0.00 13.01
Dinitrotoluene 0.06 0.06 0.05
Diphenylamine 0.97 1.03 0.90
Total volatiles
- Water 0.62 0.66 0.57
- Ethyl acetate C.61 0.65 0.57
Graphite 0.13 0.14 0.12
Calcium
carbonate 0.09 0.10 0.09
Sodium sulfate 0.12 __0.13 - 0.11
100.00 100.00 100.00

Table 7.

Ingredyent

Overall composition of WC 870 Lot A.L. 45137
and the compositions of the deterred and
undeterred layers

Nitrocellulose

% nitrogen
Nitroglycerin
Dibutyl phthalate
Dinitrotloluene
Diphenylamine
Total volatiles

- Water

- Ethyl acetate
Graphite
Potassium
nitrate
Calcium carbonate
Sodium sulfate
Tin dioxide

Overall Undeterred Deterred
Composition (%) Layer (%) Layer (%)
79.70 84,13 71.89
(13.11) (13.11) (13.11)
9.21 9,72 8.31
5.27 0.0 14,55
0.64 0.68 0.58
0.88 0.93 0.79
1.26 1.23 1.14
0.63 0.67 0.57
0.63 0.67 0.57
0.10 0.11 0.09
0.78 .82 0.70
0.79 0.83 71
0.19 0.20 .17
1,18 1.25 1.07
100.00 100.00 100,00
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Table 10,

Percentage of propellant grain volume occupied
by the deterrent containing region.

WC 846 WC 870 IMR 4227
Lot BAJ Lot Lot 6217
Propellant 45608 A L. 45137
Volume per grain (cm3) 6.70}(10_5 2.584x10_4 l.359x10-4
Voluge of deterred region 5 _5 -5
(em™) 2.89x10 9.355x10 4,725x10
% Deterred volume 43.13 36.21 34.75
IMR 4350 IMR 8138M IMR 4895 IMR 5010 CMi-160
Lot Lot Lot Lot Lot
4047 RAD 44367 A.L. 41070 A.L. 29029 Batch 1000
-3 -4 \ -4 -3 -4
1.491}(10_4 4.7llx10_4 7.O9lxlO_4 3.178)(10__3 5.494x10_
4.291%10 1.792x10 1.834x10 1.439x10 1.833x10
28.79 38.05 25.87 45,28 33.86

The Hirshfelder-Sherman method, although relatively primitive,

has been widely used in the gun propellant field for many

years, and considerable confidence has been established for it.
The other method involved the use of the BLAKE code developed

by Freedman (ref 13).

To permit ready comparison of the results from the two
methods required "a number of minor modifications to the

compositions in tables 6 to 7.

and 50 percent residual solvent.

This code is an advanced chemical equilibrium
program especially formulated for gun ballistic purposes.

As mentioned before, the total
volatiles were assumed to consist of 50 percent moisture (H20)

‘the residual solvent was assumed to be ethyl acetate.
for both codes did not contain data to permit input of compositions
containing soldium sulfate, tin dioxide, or calcium carhonate,
Consequently, those compounds, which when present, were there in
relatively small amounts, were lumped, and considered as potassium
The calculations made with the BLAKE
code were done for a loading density of 0.2 g/cc.

sulfate in the calculations*.

For the extrudecd propellant,
The data bases

*Strictly speaking, sodium sulfate could be handled by the BLAKE code;
but, to permit direct comparison of the results, the same input
compositions were used with both codes.
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The results of the computations are given in table 11.
Agreement between the two methods was found to be very good in
most instances. The largest differences in calculated flame
temper.ture between the BLAKE code and the Hir shfelder method
occurred with compositiuns having very low flame temperatures
(i.e., deterred WC 870, Tv = 2081, 1978).

The Hirschfelder method is based on estimates of the
properties of the product species over a temperature range
fouud in the common World War II propellants, This method,
thus, 1is probably less valid with materials that fall too far
outside of that range.

BURNING RATE ESTIMATION

The linear burning rate of propellants as a function of
nressure is commonly described for ircerior ballistics _calculation
by means of an equation of the following form: r = an, known
as the De Saint Robert equation (ref 21).

Experience has indicated that the linear burning rate of a
propellant increases with the flame temperature. This observation
has led to suggestions for empirical correlations between the
flame temperature of propellant compositions and their burninﬁ
rate parameters (i.e., b and n) in the above equation (r = bP").

The availability of flame temperature values for both the
deterrent-containing layer and the undeterred layer provided an
opportunity to determine the burning rate parameters for the
various compositions. Furthermore, these values provided an
opportunity to compare the various methods for estimating the
burning rate of gun propellants.

21

e in e e i———a st m—————— s —— s S

T gy v ¢ e e e

R SE—— e




poylaw I3PpT3FYSITH aUl pue 2P0 IIVId 243l YITA SUOTIBRTNITED

06792 ¢cl6°0 £97°1 €9%0° 00€ ‘98¢ £°GG8 - - £6T¢
12°T¢ 8C1°T €427 T S9%0°  00€ ‘062 £°198 06°7¢ 1°%¢¢ L ALAA
UoT3lTsodmo) PpaiilaIaq 9%¥8§ OM
£0°¢e 906°0 £2¢°1 ¥6€0° 00£°8SE T°T/0T - - 89¢¢t
VAR XA $66°0 927’1 76€0° 007°99€ €£°560T 99°6¢ SElL £ree
uoTi¥sodwo) paiiaIapu) 948 oM
98°67 7€6° entT 9Z%0° O00L‘€EE Y 166 - - ¢£18¢
20°6¢C 8v0° T 19%2°1 9Z%0" 00€‘8€E T°TT0T TI°L¢ 6°6ST 19574
uorlrsodmo) TTeILA0 948 OM
(41/¢"ur) (3/°2) A 3 qI
- = 3/0)  (asdy) (emi) (A
saeay O13roeds saTon-3 =33 >w
aUWNTCAOD jo or3wy u snyaduy ?anssaig

TeoTWaYd0oWwIayl JOo sIInsay

19PT234SITH
DIVIE

19pT2JYSITH
V1L

19PT23YSITH
AV

*TT @19el

22

AT e T TN T e e

P T T e e e

THTTTTT Ty



ST1°22 1860 99z°1

81°I¢€  9z1'T LL7°1
11°SZ  £06°0 (221
V) ard 6L6°0 £7¢°1
S8°SZ  0£6°0 -1
€9°87  120°1 9%2°1

(41/¢ "ur) (8/09) . A

s3eay Jriyoadg

|untoaAo) Jo o13ey

0L%0° 005657 9°cyy -

- 861
£S%0°  00%°99Z ¢-9g/ ¢8°6C 9°C07 1802
uo73Tsodmoy P211333aq /g8 om
$8E0°0 020°tyE 1°czoT =, - 63TE
68£0°0 006°1%E 8°6£0T IS°LE  9°857  9rz¢
uorjTsodumon Pex1=33pup /g oM
9170°0 00€°6TE  g-vcg - - 06227
BI70°0 00L°€zE 9-/9¢ - L€°SE  9°¢wz  z8s7

UoT3ITSodwo) [rersag 048 DM

3 q1
WOHOEIM QHIUN ﬁw\hv AHMQMv Ammzv Awmv
u sn3adug 3anssaig

(penur3uoy) -y 9TqeL

13PT33ysITy
AVIL

13PT=3ysITH
DIVIg

19pTaYsayty
DAVIg

P e e

- e

het <2nand

© e vrhamee o r -




98°9Z 160
£9°0¢  101°71

6S°T  ° £990°  0pezic £°5¢6 L66Z  19pTazysayy
Y97 T ¢r70T  006°ETE  Z-ge  og-ng 9°0%Z  pgcz

J3AvI1g
uor3oy Pe11933q /77y WM

8€°CZ  /T6°0

€€ T 70%0°  009°‘SEE  0-zTOT - - 800¢  19prajysiyy <
86°/7 TI0°T S€T°T $0%0°  00S‘tve 9-9zpT EETLE 9157 gyog DAVIg S
uor3sy psiisjspug L2ty W
. |
’ L
06°SZ  9g6°g e T 8IY0°  000°TEE #-6g6 LY8Z  19pTajysiyy w
6L°8Z 0%0°T Sz 1 8I70°  008°7€€ 7-°0poT . §9°9¢  /°zsz  grgz DIV '
. UorITSoduwo) 1183945 7774wt P
..w i
—— —_— : 3
‘uz) (8 A 3 L
Qr/¢cup) ( /32) ) 5o ln.wmuw 8/r) (Tsdy) (Bdw) AMOV W
s3eay orjyoadg i AL
|MNT0A0) 3o orjey u snyaduy 3Inssaiyg
(Penuramey) -1y o1qEy

|
!
)
H




PP
%9°9Z  £96°0 SSZ T
80°0€  /80°T 092" T
[£°S7  116°0 LEZ°T
96" 0T0°T SEZ°T
€1°S7  0£6°0 6€2°T
S$°87  T€0°T vz T
(41/¢*ur) (8/09) A

2UNT0A0)

sieay o1 fyoedg
30 oy3ey

8E7010  00%‘£1E  g-gwg - -
LE%0° 000°61C /-t SE°SE  [-gwz

uor3rsoduwo) paiizs3yag 0Sey KT

¥0%0°0  009°8€€ T-ZTIOT - -
SoY0° 00S‘E¥E  8°9701 €€°LE  yoscy

uor3Tsodmoy PR1I1339pun gcey wWI

71%0° 00%°€EE  9-966 = -
ST%0° 009°LEE  0°600T 18798  Z°%¢z

UOTITS0dwo) T1eI9A0 OCEy YRT

3 qt
soTom-3 q1-33 (3/1) (Fsdy)  (eq)
u snjaduy dansgaxg

(penuriuoy) .17 3Tqer

5092
¢29¢

800¢
8%0¢

£682
LC6C

(1)

AL

I9PT93ysatH
Ve

19pTa3ysaTH
DAVTE

19pTa3ysaty
IAVid

25

e g

- gy

T e e amereen w

I

-
s
!




¢E'9Z 15670 [AYAN!
£6°67 T180°T £92°1
[ATES €16°0 AN
16°/2 860°1 VXA

0L°6Z  626°0
29°8T  %£0°71

0¥ 1
S%C°1

{a1/¢ "ur) (3/99)

eunyToA0)

A

sieay O fyoadg
Jo oyaey

19%0°0

00Z°€6Z 7°9/8

9%%0°0 00S°‘86Z T°Z68

uotT3ITsoduo) PR131933q WYETS WHI

¥0%0°0
SO%0°

007°0%E  €°/T0T
00E€“S¥E  Z7°Z€0T

uoT3Fsoduo) paiialjapup HBET8 NI

oc
0¢c

70°0  000°vZe  %°896
0" 00%°6Z€  S°%86

UoT3Tsoduo)y [reisag R8ET8 dWT

———eee

3 §q1
saTow-3 q1-33 (3/1)
u snyaduy
(penur3umo)y) 1T s1qEg

- - 85€7

T0°EE€  £°LTT  90%T

~ ~ 870¢

0S°L€ 9°86Z  890¢

- - 0412

00°9¢ Z°8%Z 9Teg
(rsdX)  (eqw) 1,)
AJ

2Insra1g

19pTo3YsITH |
AvVId

A3PTa3JYsaTH
avid

26

I3PTIIYSIATH
vid

- b @ -

- s

s e

/s

et

[T R SR A




LS°17 966" XA
08°1¢  0S1°T 8L7°T
£€°6Z  <T6° €T T
8L 900°1 Y€Z°T
16°SZ  9¢6°0 1
LL°8T  6£0°T SHZ°T

(qT/¢ ur) (3/09)

|WNTOAC)

A

8383y J1jyoady
30 orzey

19%0°0 00S°96z T1-9gg -

- 01€e
8S%0°0 00£°162 8°0/8 08°2¢ 7°9zz 8¢t
uor3ITsodmo) pairsiag G68Y IWI
¢0%0°0 006°8€E  0-€T0T - - 8z0¢
£0%0°0 008°cwg 9°/201 T€°LE €4Sz  /90g
uor3Tsodmo) Po11333pus} cegy Wl
Li%0°0 009‘0cE  T1°836 - - S$%827
8T%0°0 00T ‘veg L7866 15°9¢ [ARATANNR 7414
uoTiTsodwo) yreIsap S68Y mzH
2 s G/ (rsay)
SoTon-3  ~q7-33 £)  (1sdy)  (egy) Am%
u snyaduy

2anssaig

(penurjuoy) -1p AL UAR

I9pTagusaty
V1Y

19pIagysaty
TAVIL

I2pI3JYsaty
VI

27

et

O Y

PN Wt NS S g e
P e — ~r—

a




o 19670 (s2°1
0£ "0t S60°T oz 1
$7°SZ  Z16°0 Tez+t
08°LZ  %00°1 fez 1
€6°SZ  1€6°0 evzeT
88°87 €v0°1 9r7 T
(A1/¢*ur) (8/99) | N
8383y 97 jyoadg
|unyoAo)

3o oraey

1990°0  00£°91¢  v-94g - ~ 08S¢
0%70°0  00L°L1t 9-gwe L2°SE  Z°€%Z ¢z
uoT3YSsodmo) P211338q 010G WWI
¢0%0°0  009°1%¢  6-0zoT ~ - 250¢
£090°0 009 9%¢ T-9¢pT T9°/¢ €657  veoc
UoT3Ts0duo) peiieiepun grge I
02700 008°1tE B 166 - - 0%8Z
02700  00Z°sec 0-zooT €4°2¢  €-ecz  gogz
UOTITS0duo) TTeIsA0 0T0¢ Wiy
— —_—
3 Ty G/ (ysdy ) (1)
saTom- q1-33 >m
a snjaduy 3anssaayg
(penurimoy) -y 31qey,

i
!
!
i

I9pIeyysaty
TAVIg

19pTa1ysaty .
avig

28

19pTajysayy
2vig

e A o i S ey

T e et

.

B Juadie

o

‘e e RS s . )
o %
- o o

. ,




99°9Z  £96°0 LST°1
9%°0¢€  o001°Y £92°1
€2°¢Z %160 £€CT°T
¥0°8Z  €10°T TANAN |
872  zg6°0 [A7A¢
LL°82  6£0°T L%7°T
—_—

(at/¢ ur) (3/09) . A

5383y d1froadg

{uWnToA0) Jo oriey

"8%50°0 oow.WmN ¥°9/8
05%0°0 008°967 77188

uoT33y paiis3aq 9T TO

= 194
00°¢€c  ¢-zz2 €L€T

70%0°0 00S‘cce  6-9g6 ) - 0562
807C°0 006°t€c  6°600T 4y<g¢ £'€ST €167

UOTESY PAIIISPN 09T BH

6T70°0 00S‘0ze  g°/66
229070 00T°9z¢

= €42
9°%L6 - 96°G¢ 1°9%2 97472

vorarsoduoy 1Te3840 09T wWo

—

/I[
S | S (T5dN) (o) )
SaTom- q1-33 dK Awm.
u sn3aduy danssaag
mvwzcwucoov "TIT 21981

I9PTazysaty
nvig

19pTa3YsaTy
™AV

12pTayysary
TAVIg

29

A

- — R

e




Four correlations were compared in this study as follows:

Grollman and Nelson (ref 19):

7\, =9

b = (T-1800)(1.65 x 10~ "4); r = in./s, p = psi

) (n
. -6 n -9.4
b = (T-1800)(4.19 x 10 ") (145 ) (n ); ¥ = mm, p = MPa

where T 1s the adiabatic, isochoric flame temperature.

Muraour (ref 20):

r = 0.2 + 0.0000212¢0-709(T/1000) . L 40 /s,
p = psi
r=0.5+ O.O78e0'709(T/1000)p; r = mm/s,
p = MPa

Goldstein (ref 15)%*:

b ~-8.15 + 8.62 x 104T
= g v
r = in/sec, p = psi, n = 0.7
-8.15 + 8.62 x 1077 2
b=e ° * v (8.2776 x 107) n= 0.7

where r = mm/s, p = MPa

*NOTE: The following two equations must be used with the pressure
exponent, n = 0.7

Riefler and Lowery (ref 13):

This correlation is not analogous to the previous three,
It is a direct correlation of burning rate of ball propellants as a
function of their nitroglycerin and dibutyl phthalate content., It is
further discussed in this section.

The estimation methods were evaluated at four flame temperatures.

The temperatures selected were those for the deterrent-containing and
undeterred layers of WC 870 and CMR-160.
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‘ The Riefler and Lowery (ref 13) burning rate correlation
‘ was based on closed-bomb burning rate measurements of a
series of siéteen prope%lants with flame temperatures varying
between 1802 K and 3131 K and, as explained above, permits
the direct calculation of the burning rate parameters b and n

) from the percentage of dibutyl phthalate (DBP) and nitroglycerin
! (NG) .

Two models are offered by Riefler and Lowery (ref 13),
| a constant coefficient model and a constant exponent model.
The constant exponent model is:

r = o (-6.61872) + (%DBP) (-0.052882) + (%NC)(0.0lS970)pO.8053

where
L r = in./s, p = psi
In metric units:

- 7. ZDBP) (-0.052882) + (ING) (0,015
r = (1.390 x 103) e( 6.61872) + (7ZDBP)(-0.052882) + (ING) (0 015907)p0 8053

where
r = mm/s p = MPa

In the present study, a further correlation of the flanme
temperature versus the burning rate coefficient was made with
the Riefler and Lowery experimental data. A constant exponent
(n = 0,8053) was assumed,

A least-squares method was used to fit the flame temperaturc
L and burning rate coefficient data (constant exponent, n =
0.8053). The best fit was obtained with a linear equation as

follows:
, b = -0.0006 + 0.064 x 10'61'V
where
r = in./s, P = psi, n = 0.,8053
and
b = -0.8340 + 8.3956 x 10™*T
where

r = mm/s, p = MPa, n = 0.8053
31
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A plot of the burning 1.+ coefficient versus flame temperature
with Riefler and Lowery data 1s given in figure 6 and shows the best
{it straight line.

A comparison of results obtained wheun burning rates are
calculated by the two Ricefler and Lowery correlations. The
results based on the NG, DBP correlation are given in column
A, t?b]e 12, Tge calculation was mnde possible because the
3200 K and 2000°K propellants corrvespond with the two reglons
in the WC 870 ball propellant. The values obtained by use of
the direct correlation ol b versus TV carvied out in thi. study

plven in column B. The agreement with the other values is
qulte satisfactory.

The largest discrepancy In the estimated values occurs
with a low flame temperature in the Grollman & Nelson corvelation
probably because the Grollman & Nelson correlation was based
only on conventional gun propellant data, none of which had
0
flame temperatures under 24007K,

CONCLUSIONS

1. Measurements of the depth of deterrent penetration
were made for elght small arms propellants,

2. 'lhe compositions of the deterrent-conalning laycer
and that of the undeterred reglon were calceulated.

3. The thermochemical data required for interior ballistlic
calculations were computed by means of the Hirschfelder-
Sherman method &ad by means of the BLAKE code.

4, The results of the thermochemical calculations with
the Hirshfelder-Sherman method and the BLAKE code are {n good
agreement. The largest differences occurred with formulations
having very low flame temperatures (i.e., 2100°K).
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RECOMMENDATIONS ‘

4

, T, The data base presented in this paper should be used
in available computer codes for closed-bomb and gun interior
ballistics. #

2, Efforts should be made to further develop empirical
burning rate vorrelations based on the flame temperature or
on the heat of explosion to expand burning rate profile data
for deterred propellants.

3. Further efforts should be made to refine interior
ballistic codes that permit explicit inputs of thermochemical
and burning rate properties of the various regions in small
b arms propellant grains.
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APPENDIX, SAMPLE CALCULATION FOR OBTAINING THE
COMPOSITION OF THE DETERRED AND
UNDETERRED REGIONS
Example: WC 846, LOT BAJ 45608

Composition as Reported on Description Sheet

Nitrocellulose (by difference) 82.42
% nitrogen in NC (13.16)
Nitroglycerin 10.52
Dibutyl phthalate 5.68
Dinitrololuene . 0.06
Diphenylamine 0.98
Total volatiles (T.V.) 1,23
Moisture and volatiles 1.06
Residual solvent 0.60
Calcium carbonate - 0.13
Sodium sulfate 0.09
Graphite : 0.12
101.23

Note: All ingredients except graphite are reported by Badger AAP on
a volatiles free basis., The reader 1s cautioned that the manner
of reporting differs with different manufacturers,

1. To convert the reported percentages to percentage of the total
propellant including total volatiles:

(A-1)
fraction of ingredient i « (100-T.V.)
on volatiles free basis

fraction of ingredient i
on the total propellant x 100 =
basis

where T.V. = % total volatiles.
Example for nitroglycerin:

Let X = fraction of nitroglycerin on total propellant basis
then from equation A-1, .

X = 0.1052(100-1.23)
100

X = 0.1039

0.1039 x 100 = 10.39% nitroglycerin total propellant basis.
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2, Composition of the WC 84u propellant on a total propellant
basis is therefore:

INGREDIENT %
Nitrocellulose 81.40
Z nitrogen in NC (13.16)
Nitroglycerin 10.39
Dibutyl phthalate 5.61
Dinitrololuene 0.06
Diphenylamine 0.97
Total volrtiles (1.23)
Moisture 0.62
Residual solvent 0.61
Calcium carbonate 0.13
Sodium sulfate . 0.09
Graphite _0.12
100.00

3. For purposes of the thermochemical calculations, the total
volatiles were arbitrarily split with half reported as moisture

(H,0) and half as residual solvent (ethyl acetate). For single

base propellants, the residual solvent is assumed to be ethyl alcohol.

4, No DBP is present in the undeterred reglon. To report the
composition on a DBP free basis:

* (A-2)
fraction of ingredient i x 100-7DBP = fraction of ingredient i _ 100

in undeterred region in overall composition
*7 DBP in overall compeosition
Example for nitroglycerin:
Let X - fraction of nitroglycerin in undeterred region.
Then from equation A-2,

X (100-5.61) = 0.1039(100)

0.1039(100)

X =553y

= 0.1101

and 0.1101 x 100 = 11.017% = percentage of nitroglycerin in
the undeterred region.

40




-
—— %

arzmtA

T TN

< e 4 [

S. The composition of the undeterred region in the WC 846
propellant is:

INGREDIENT %
Nitrocellulose 86.23
% nitrogen in NC (13.16)
Nitroglycerin 11.00
Dibutyl phthalate 0.00 !
Dinitrololuene 0.06 {
Diphenylamine 1.02 |
Total volatiles
Moisture 0.66
Residual solvent 0.65
Calcium carbonate 0.14
Sodium sulfate 0.10
Graphite ~0.13
100.00

6. As axplained under the section of this report on thermochemical
calculations, the measured depth of penetration was used to obtain the
welght percent of the region containing deterrent, (For WC 846,

this was 43.13%.)

Therefore, in 100 g of the WC 846 propellant, the deterrent
coutaining region weighs 43,13 g.

Also, of 100 g of the WC 846 propellant, 5.61 g are dibutyl
phthalate detervent.

Since all of the detesrent is in the 43.13 g of deterrent-
containing region, the concentration of DBP in that region is:

:
Z§¢§§~x 100 = 13.01%

7. The deterrent-containing region contains all of the DBP; the
other ingredients are present in the same proportion as in the un-
deterred regilon.
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Therefore,
(A-3)

. i *k
traction of ingredient {1 x 100 = fraction of ingredient i x (100=%DBP)

in deterred region in the undeterred region

*%7 DPB in the deterrent-containing region.
L}
Example for nitroglycerin:
Let X = fraction of nitroglycerin in the deterred region.

Then,

0,1100(100~13.01)

X = 100

X = 0,0957

and 100(0.0957) = 9,57% = percentage of nitroglycerin in the
deterred region.

8. The compositinn of the deterrent containing region is:

INGREDIENT %
Nitrocellulose 75.01
% nitrogen in NC (13.16)
Nitroglycerin 9.57
Dibutyl phthalate 13.01
Dinitrotoluene 0.05
Diphenylamine 0.90

Total volatiles
Moisture 0.57
Residual solvent 0.57
Calcium carbonate 0.12
Sodium sulfate 0.09
Graphite 0.11
100.00
42
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The average volume of the rolled-ball grains is given by:

_ _ 22 [ oo ]

Vo- 2nr (R-r)2 + 1Y (R-v) + 4 r 3)
The value for DO(S) was obtained by inserting the appropriate

numbef into equation 1. For the WC 846 propellant lot BAJ 45608,

DO‘S) = 0.5473 mm,

If the depth of penetration of deterrent is x, the volume of the
undeterred region Vun is;

V= 21(Rer)2(r=x) + 12(r- x)° | R-1) + 4(r-x (4)
un "5_"

The total grain volume V; was found to be 0.0670 mm>, and the

volume of the undeterred larger V;n was found to be 0,0381 mm (ref 3).

Then, the undeterred region occupies:

ng_x 100 = 56.87% of the volume of the grain.

v
o

On the assumption tbat all of the deterrent, DBP, i.e., 5.28
percent (table 2) was located in the deterred region, the concentration
of that region was found to be 12.24 percent. The composition cf
the deterred and undeterred regions was then calculated and is given
in table 6 along with the overall composition given in table 2, De-
tails of this part of the calculation are given in the appendix.

The values for moisture (HZO) and residual solvent have been

arbitrarily taken to be equal to one-half of the total volatiles in
the following tables. This was done because the reported values for
moisture are obtained by empirical methods and the validity is

questionable.
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Calculation of the composition of the deterrent-containing and

undeterred region of the spherical ball propellant (unrolled) WC 870
follows the same procedure, except that the geometry of the grain is
assumed to be a sphere which simplifies the applicable equations (i.e.,

equations 2, 3, and 4) accordingly.

The weighted mean diameter based on surface area DO(S) of the
grain of WC 870 Lot A.L. 45137 was found to be 0.7902 mm. The
average grain volume, V, was 2.584x10-4cm3. The average volume of

the undeterred region, V;n’ was found to be 1.649x10-4cm3 and the
undeterred region in the WC 870 propellant was found to occupy
63.79 percent of the total volume of the grain, The compositions of
the deicerred and undeterred layers determined from these results are
given in table 5.

The extruded propellants have a uniform grain geometry (i.e.,

single perforated cylinders) as given in table 3. Calculation of the
composition of the deterred and undeterred regions for these propellants

invelves the following steps:
1. Calculate the volume of the total grain.

2. Calculate the volume of the deterred region using
the measured depths of deterrent penetration in table 4,

3. Assuming that all of the deterrent is concentrated
in the deterred region, calculate the concentration of the
deterrent in that region. Then, obtain the concentrations of
the other constituents.

4. Assuming total absence of the deterrent in the
undeterred region, calculate its composition,

The results of these computations for the extruded propellants
are given in tables 8 and 9, along with their overall chemical
composition, For purposes of comparison, the percentage of the
propellant grain volume, occupied by the deterrent-containing
region for each of the propellants is listed in table 10.

Two metihods were used for calculating the thermochemical
properties associated with the compositicns given in tables 6, 7, 8,
and 9 were used. Ore of these was the Hirshfelder-Sherman
Additive Constant method (ref 16). A computer program (ref 17)
based on this method, was used for these calculations.

16

i i

b
b Sy

PRt e




