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I.  INTRODUCTION 

A propelling charge configuration that is frequently employed in Army 
howitzers is the multizone charge. This type of charge, schematically illus- 
trated in Figure 1, consists of several discrete packages of propellant bound 
together in some fashion, as with tie straps. The principal rationale for 
this charge is that a particular velocity can be achieved dependent on the 
number of packages loaded into the weapon chamber, and this selectable velo- 
city, coupled with the permitted variation of weapon launch angle, allows a 
wide range coverage by indirect fire weapons. 

The requirements on design of a multizone charge are demanding. The 
charge must exhibit reliable performance at the low-zone end without compro- 
mising performance at any other zone level. ^»^ A case in point is the recent 
development program, now terminated, for the 155-mm, XM211, Propelling 
Charge. » The need for a new charge such as the XM211 arose with the advent 
of long-range, large-chamber 155-mm howitzers and new projectiles with larger 
rotating bands. When the existing charges were fired with these new weapons 
and projectiles, the projectiles frequently stuck. The probable cause was the 
lack of a sufficiently high peak pressure and pressure-rise rate to propel the 
projectile through the critical engraving region. To overcome this, a very 
fast-burning propellant was incorporated in the base XM211 increment 
(Zone 3). Coupling a very rapidly burning localized ignition source (Zone 3) 
to forward packages of less rapidly burning propellant (Zones 4, 5 and 6) in 
the XM211 then led to the formation of axial pressure waves, particularly at 
the Zone 5 level with charges conditioned to 63°C. We see then that it is 
necessary to consider all the interrelated components that make up the charge 
in order to optimize performance at all zone levels. 

As motivation for the experimental studies we will shortly discuss, let 
us consider the phenomenology of the multiple-increment charge of Figure 1. 
The charge is base-ignited, and the several increments of propellant are 
packaged individually in cloth bags, which are secured together with fabric 
tie straps. The charge is undersized with respect to both chamber length and 
diameter, creating ullage axially between the charge and projectile base and 

J. (/. May,    "The Role of Ignition and Combustion in Gun Propulsion:    A Survey 
of Developmental Efforts, " Proceedings of 13th JANNAF Combustion Meeting, 
CPIA Publication 281,   Vol.   I,   pp.   315-340,   September 1976. 

^I.   W.  May and A.  W.   Horst,    "Charge Design Considerations and Their Effect on 
Pressure Waves in Guns, " ARBRL-TR-02277,   Ballistic Research Laboratory, 
USA ARRADCOM,   December 1980 (AD A09S342). 

T.   C.  Minor and J.   DeLorenzo,    "Charge Design Approaches to the Reduction of 
Laid Zone Stickers, " Proceedings of 1976 JANNAF Propulsion Meeting,   CPIA 
Publication 280,   Vol.   Ill,   pp.   403-434,   December 1976. 

R.  J.   DeKleine,   "155-mm XM211 Propelling Charge Zones 3-6 - Design Review 
Minutes, " Office of Project Manager,   Cannon Artillery Weapons Systems, 
Dover,   NJ,   April 9,   1980. 
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between the charge and spindle (standoff), and radially between the charge and 
chamber wall. This allows for a variety of complex gas- and solid-phase flows 
depending on the initial loading configuration. After the initiation of the 
basepad, the igniter gases may pass through the fabric into the propellant bed 
of low permeability and locally ignite the base of the charge, or they may 
follow the path of less resistance through the radial ullage toward the for- 
ward end of the charge. In this fashion, the charge may be ignited at any 
point along its length, or indeed, at the forward end. The flow of igniter 
and propellant gases is further complicated by the casing material itself, 
generally fabric, and by parasitic components, such as flash-reducer pads, 
which may be located along the charge or imbedded between charge increments. 
Since this multiple-increment charge may consist of more than one granulation 
of propellant, the localized ignition of a very rapidly burning base-increment 
propellant can induce pressure waves and perhaps even considerable movement of 
relatively massive packages of propellant. Grain fracture may then create 
unprogrammed burning surfaces, which would further aggravate the production of 
pressure waves. In short, the external constraints on a bagged, multizone 
charge of grossly nonuniform strength and permeability give rise to a host of 
scenarios of gas flow, bag rupture, propellant movement and fracture, and the 
like. It is clear, then, that in addition to well-documented problems usually 
associated with pressure waves, such as in a high-loading-density M203 charge, 
the deleterious effect in low-loading-density charges of the impact of large 
quantities of propellant on the projectile base on the projectile's safety and 
performance is now of concern. And, as we will see later, pressure waves 
themselves in this low-loading-density charge may not present a breech safety 
problem, but they may adversely affect more delicate weapon mechanisms. 

The experimental investigations reported herein attempted to assess the 
influence of loading conditions and variation of the interrelated components 
which comprise a medium-performance, large-caliber, multizone propelling 
charge on pressure-wave formation. Tliese investigations were conducted via 
test firings of a multizone charge in a standard, well-instrumented 155-mm 
howitzer and in a 155-ram howitzer simulator. 

II.  TEST SETUP 

A.  Weapon 

A 155-mm, M199 tube modified with pressure ports at thirteen axial 
locations was the test weapon for all the large-caliber firings. The standard 
muzzle brake was replaced with a special pressure-gage adapter used in support 
of a muzzle-pressure program that was conducted concurrently with the multi- 
zone firings. In order to measure system breech pressure, the standard M199 
spindle was modified with two pressure ports without altering the two standoff 
bumps integral to the spindle system. For this weapon, the standard, lanyard- 
operated, spring-driven firing pin was replaced by a gas-activated firing 
pin.''   The gas necessary to drive the modified firing pin into the M82 

J.   J.   Roaeh-io,   R.   A.   Havtman,   and N.   J.   Gevvi,    "An Eleatvia Pvimev-Opevated 
Firing Pin Aatuator for Large Caliber Guns, " ARBRL-MR-0289 7,   Ballistic 
Research Laboratory,   USA ARRADCOM,   January 1979    (AD A069109). 
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percussion primer was obtained from an M52A3B1 electric detonating cap. The 
rapid and reproducible functioning of the M52A3B1 enabled Instrumentation to 
be accurately timed by this firing system. After the M52A3B1 cap was 
detonated, there was, approximately, a 1-ras delay until the M82 primer 
functioned. An M158 recoil mechanism in conjunction with the upper carriage 
from a 155-mm, M59 gun was used to mount the APG sleigh which housed the 155- 
mm, M199 cannon. All tests with this system were done at the Sandy Point 
Firing Facility (Range 18) located at the Ballistic Research Laboratory 

(BRL). 

B. Instrumentation   i 

Instrumentation on all tests consisted of six Klstler 607C3 piezoelectric 
pressure transducers housed In the gun chamber: two each slde-by-side in the 
spindle, two each 180 degrees apart at mid-chamber, and two each 30 degrees 
apart at the forward end of the chamber (Figure 2). These six gages (a redun- 
dant gage at each chamber position) were sufficient to yield an approximation 
to the pressure profile in the chamber. By differencing either of the spindle 
and forward-chamber gages (P1-P5, P1-P6, P2-P6, P2-P5), the first negative 
pressure gradient, -AP., was determined. Projectile velocity was calculated 
using the distance between and the projectile arrival times at two solenoid 
coils located approximately 20 and 35 meters, respectively, forward of the gun 
muzzle. Ignition delay was defined as the time interval between the firing 
pulse and a spindle pressure of 7 MPa. 

Generally, the data were recorded in real-time by the Ballistic Data 
Acquisition System (BALDAS) under the control of a PDP 11/45 minicomputer. If 
the data were not recorded by BALDAS because of some unusual ignition delay or 
computer malfunction, they were later digitized from an analog recording made 
of each test round. 

C. Firing Components 

The M483A1 projectile. Lot CG0-77J-008-001, inert-loaded with wax to 
46.7 kg was used for all tests. For one series where in-bore interferometer 
data were taken, the M73 dummy fuze on the front of the projectile was 
modified with a flat surface to enhance the microwave return. 

Figure 2.  Locations of Pressure Transducers in M199 Chamber 

12 



The main propelling charge consisted, basically, of a Zone 3, Zone 4, and 
Zone 5 increment, each of which varied (Table 1) depending on test para- 
meters. A photograph of a typical BRL multizone charge showing the two types 
of Ml propellant used in most of the tests is shown in Figure 3. Fabrication 
of bag increments and loading of charges were done at the Materiel Test 
Directorate (MTD), Aberdeen Proving Ground. All charges, except those used 
for Series 3, were conditioned at a temperature of 63°C for at least 24 hours 
prior to firing. The charges were loaded into the cannon chamber in varying 
configurations depending on the requirements of the test. 

III.  RESULTS 

Nineteen series of 3 to 5 test rounds each were fired. To facilitate 
discussion, we have divided thera into the following groups: Pressure-Wave 
Verification (Group A), Interzone Permeability (Group B), Energetic Compo- 
nents (Group C), Charge Position and Motion (Group D), and Initial Ignition 
Stimulus (Group E). Table 2 indicates the firing sequence with a rationale 
and general result for each series. Unless otherwise noted, the standoff from 
spindle face to basepad was 25 mm for each series. 

^»*^ 

M1SP MIMP 

Figure 3.  BRL Multizone Charge Fabricated from 
MISP and MIMP Propellant 
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A.  Pressure-Wave Verification (Group A) 

Rounds fired in Group A were to verify pressure-wave phenomena reported 
in previous XM211 firings at other facilities and establish a baseline charge 
for this study. Figure 4 depicts the spatial relationships of chamber/charge 
configuration for the pressure-wave verification series. Series 1 used stan- 
dard Advanced Development XM211 bags loaded at MTD. Series 2 and 3, made 
using XM211 bags as the model, were fabricated from cloth available locally. 
The charges for Series 1 were slightly smaller in diameter and longer in 
length than the baseline charges. All three series consisted of the Zones 3, 
4, and 5 increments base-ignited with 85 g of CBI,* Series 3 was conditioned 
at 21°C while Series 1 and 2 were conditioned at 63°C. Table 3 summarizes the 
firing results. 

Series 

3** 

Table 3. Summary of Firing Data* for Group A 

p ,  max 
(MPa) 

-AP 
(Mpi) 

Coil 
Velocity 

(m/s) 

Ignition 
Delay 

(ms) 

149.3 
(2.2) 

48.5 
(6.0) 

449.8 
(0.9) 

42 
(9.0) 

146.9 
(1.2) 

36.4 
(7.2) 

454.4 
(0.9) 

36 
(3.0) 

123.7 
(3.8) 

5.2 
(3.9) 

442.8 
(1.1) 

83 
(21.2) 

*  Values shown are averages for 4 or 5 firings.  Series standard deviations 
are shown in parentheses. 

** Series 3 conditioned at 21°C. 

Pressure-wave levels were large for Series I and 2, and were similar to 
previous XM211 firings. The change in bag material and loading facility 
operation had, apparently, little or no influence on this aspect of the 
burning characteristics of the charges. These two series verified the pres- 
sure-wave phenomena reported at other facilities and established the Series 2 
charge for use as a baseline. Figure 5 shows plots of spindle and forward- 
chamber pressure and pressure difference versus time which are typical of all 
series with large magnitude pressure waves (-AP between 20 and 60 MPa). Here 
we have used the conventional indicator of pressure-wave magnitude, namely, the 
initial negative difference between the pressure recorded at the spindle and 
that recorded near the projectile base, -AP to determine combustion 
instability. Series 3 was fired to determine if ambient conditioning (2I°C), 
as opposed to the more involved high-temperature conditioning (63°C), was 
sufficient to generate substantial pressure waves. Although small pressure 
waves were observed, they were not of sufficient magnitude to assess the 

* Clean burning igniter 
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effects of compositional and/or spatial chamber/charge changes on pressure- 
wave formation. The data of Figure 6 are typical of all series with small 
pressure waves (-AP between 0 and 10 MPa). Since ambient conditions were not 
suitable for these tests, all subsequent charges were conditioned and fired at 
63°C. 

B.  Interzone Permeability (Group B) 

Five series of rounds were fired in Group B (Table 2) to determine the 
extent to which nonenergetic, interzone barriers (Series 4, 5, 6, and 7) or 
altered propellant interfaces between zones of a charge (Series 18) affect the 
formation of pressure waves. The alteration to each series from that of the 
baseline (Series 2) is depicted in Figure 7. The number of nonenergetic, 
interzone cloth end caps was reduced from four in the baseline series to two 
in Series 4 to none in Series 5 and 18. In addition, the propellant loading 
was varied from layered in Series 5 (MISP/MIMP/MIMP) to a composite blend of 
the MISP and MIMP in Series 18, a condition which rendered uniform overall 
charge permeability. Instead of two distinct propellant layers, each with its 
own porosity, permeability, and ignition characteristics, there was now only 
one. By eliminating these distinct propellant layers, the flow of igniter 
gases through the propellant bed was substantially altered. For Series 6 and 
7, the standard geometry of three zone increments was used, except that small 
cloth discs containing 57 g of potassium nitrate flash reducer were inserted 
between Zones 3 and 4 for Series 6 and between Zones 4 and 5 for Series 7 
prior to firing.  The results are summarized in Table 4. 

Series 

Table 4. Summary of Firing Data* for Group B 

P ,max^ 
(MPa) 

-AP 
(MPa) 

Coil 
Velocity 

(m/s) 

Ignition 
Delay 
(ms) 

148.4 
(1.5) 

35.6 
(3.9) 

450.3 
(1.0) 

52 
(5.9) 

156.2 
(7.1) 

46.0 
(9.9) 

447.6 
(1.3) 

41 
(2.9) 

136.1 
(1.2) 

7.8 
(1.0) 

449.6 
(0.8) 

38 
(1.9) 

145.0 
(3.6) 

41.3 
(8.7) 

452.0 
(1.2) 

44 
(4.6) 

142.4 
(2.3) 

34.5 
(3.1) 

450.2 
(0.9) 

45 
(1.9) 

18 

*  Values shown are averages for 4 or 5 firings.  Series standard deviations 
are shown in parentheses. 

Large pressure waves were observed in all but Series 18, wherein small 
pressure waves and a slightly reduced maximum pressure occurred with no loss 
in average coil velocity. Blending of the MISP and MIMP propellants altered 
the ignition,  flamespreading, and charge dynamics from the baseline, a 
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phenomenon not observed with the addition or deletion of bag endcaps and/or 
flash reducer bags. 

C.  Energetic Components (Group C) 

Rigid, combustible sleeves were added to the charge to determine what 
effect the radial constraint coupled with the additional energy would have on 
charge performance. Series 15 and 16 were fabricated using energetic nitro- 
cellulose (NC) tubes on the outside of the charge (Table 2 and Figure 8). 
Both Series 15 and 16 had NC tubes that were slit along their length and 
placed around the bag charge increments so that the NC tubes overlapped each 
other by 2 cm. The tubes were then circumferentially taped to increase charge 
rigidity and structural stability. For Series 15, two NC tubes were used 
covering just the Zone 3 increment; for Series 16, four NC tubes were used 
covering the entire charge. In both series, the base and front ends of the 
charge were unaltered with the CBI basepad and front cloth endcap both open to 
the chamber.  The results are summarized in Table 5. 

Table 5.  Summary of Firing Data* for Group C 

-AP. Coil Ignition 
(MPa) Velocity        Delay 

Series (m/s) (ms) 

p 
max, 

(MPa) 

160. ,2 
(4, .6) 

220. .6 
(11. .3) 

15 160.2 46.9        456.8 43 
(4.9)      .  (0.8) (4.1) ■ 

16 220.6        109.4        491.2 37 
(16.2)        (—) (3.2) 

* Values shown are averages for 3 or 5 firings. Series standard deviations 
are shown in parentheses for all paremeters except Coil Velocity, Series 16, 
wherein data for only 2 of the 3 firings were obtained. 

Combustion anomalies for Series 15, as measured by -AP , were similar to 
those observed in earlier series even though P^^^ and velocity were somewhat 
higher. The slightly higher P^^^ ^^^ velocity may be attributable to the 
energy available from the addition of NC tubes into the charge burning 
cycle. When the NC tubes were approximately doubled and the charge further 
confined for Series 16, all measured parameters except ignition delay 
increased dramatically. The substantial increase in P from 160.2 MPa to 
220.6 MPa (Figure 9) cannot be attributed, according to lumped-parameter 
interior ballistic calculations, to just the additional energy available in the 
NC sleeves. The pressure waves were so intense that damage was done to the 
spring in the firing housing assembly on each successive round. After the 
third of five rounds was fired, part of the housing assembly broke. Due to 
the increased charge diameter (four NC tubes around the charge) and the 
reduced charge-surface permeability (NC-tube wall rather than cloth-bag wall), 
the flow of igniter and early combustion gases was significantly altered in 
comparison to the baseline series, and it is likely that highly vigorous base 
ignition of the charge occurred. This localized ignition resulted in the high- 
level pressure waves noted, with a dramatic coupling of these waves into the 
overall chamber pressurization to produce the large increase in P™ax' ^^ 
would be expected, velocity increased with the increase in chamber pressure. 
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D.  Charge Position and Motion (Group D) 

Initial charge position (standoff) and charge motion during the early 
ignition cycle, especially with low-loading-density charges, can affect the 
charge performance. In Group D, several aspects of charge motion were ex- 
plored. Details for each series are noted in Table 2 and Figure 10. In 
Series 8, a cardboard spacer was placed between the base of the projectile and 
the front of the baseline charge in an attempt to prevent charge motion during 
the early phase of the ignition process. In Series 9, the baseline charge was 
tightly bound with nylon tape. Four circumferential wraps (two each on Zone 3, 
one each on Zones 4 and 5) were made to radially constrain the charge. Two 
axial wraps, each starting at the base of the charge and ninety degrees apart, 
ran the length of the charge, across the top of the charge, and back down 
again to the base of the charge. These wraps were made in an attempt to 
prevent the zones from separating and expanding axially into the base of the 
projectile as separate increments during the early ignition cycle. Series 10, 
11, and 12 were variations on initial zone increment positioning. For Series 
10, the Zones 3 and 4 increments were at 2.5-cm standoff, the Zone 5 increment 
was forward against the base of the projectile; for Series 11, the Zone 3 
increment was at 2.5-cm standoff, the Zones 4 and 5 increments were forward 
against the base of the projectile; and for Series 12, all three increments 
were at maximum standoff. (Basepad was 40 cm from spindle face.) Firing re- 
sults for each of these series are shown on Table 6. 

Table 6.  Summary of Firing Data* for Group D 

Series 

p ,max, 
(MPa) (MPI) 

Coil 
Velocity 
(m/s) 

Ignition 
Delay 
(ms) 

150.4 
(1.4) 

51.6 
(2.7) 

450.0 
(0.8) 

44 
(4.0) 

147.1 
(3.1) 

42.7 
(4.5) 

450.7 
(1.3) 

46 
(5.6) 

131.3 
(1.2) 

6.7 
(2.7) 

448.2 
(1.4) 

47 
(5.7) 

128.0 
(2.7) 

2.6 , 
(0.9) 

448.3 
(0.8) 

42 
(14.5) 

128.4 
(1.1) 

10.7 
(0.7) 

447.4 
(1.1) 

117 
(13.3) 

10 

11 

12 

*  Values shown are averages for 5 firings.  Series standard deviations are 
shown in parentheses.  Series 10 and 11 have initial increment separation. 

Both the restriction on initial charge motion (Series 8) and initial 
increment separation (Series 9) during the early ignition cycle had no effect 
on the  level of pressure waves of these rounds,  as indicated by the 
large -AP For Series 10, 
three-increment charge had 
shown by the low -AP, and P  ■' 1     max 

11, and 12, initial increment placement for a 
a dramatic effect on the combustion process as 

Moving the charge to the front of the chamber 
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(Series 12) reduced -AP from previously seen values of 30 to 110 MPa to 10.7 
MPa. Separating the charge into its zone increments further reduced -AP . 
With only the Zone 5 increment initially placed at the projectile base (Series 
10), -AP. was reduced to 6.7 MPa, and when both the Zones 4 and 5 increments 
were loaaed at the projectile base, the -AP was lowered to 2.6 MPa, a value 
smaller even than the Series 3 firing with ambient propellant. 

E.  Initial Ignition Stimulus (Group E) 

Many times a slight change in the ignition process can alter the flame- 
spread and initial combustion process significantly so that a marginally 
stable round becomes stable. The effects of both faster and slower ignition 
on the combustion stability of the charge were examined. Details on each of 
the series are noted in Tables 1 and 2 and Figure 11. For Series 13, initial 
brisance was reduced by using a larger web propellant in the Zone 3 increment 
(0.42-mm web versus the standard 0.33-mm web). Another technique for reducing 
the initial flamespread and combustion rate was to alter the ignition sequence 
from the standard round (Basepad/Zone 3/Zone 4/Zone 5) to that noted in Series 
19 (Basepad/Zone 4/Zone 5/Zone 3). Here the CBI basepad impacted directly on 
the Zone 4 propellant (MIMP) rather than on the faster burning Zone 3 
propellant (MISP). To increase the initial combustion rate, both faster 
burning basepad propellant and multiple basepads were used. In Series 14, the 
much faster Isurning Class 5 Black Powder replaced the standard CBI. In Series 
17, two CBI basepads, one at its standard position on the base of the Zone 3 
increment and the other on the forward face of the Zone 5 increment, replaced 
the standard system. Firing results for the four series are indicated in 
Table 7. 

Table 7.  Summary of Firing Data* for Group E 

Series 

p 
(MPa) 

-AP 
(MPa) 

Coil 
Velocity 
(m/s) 

Ignition 
Delay 
(ms) 

13 154.3 
(2.6) 

44.9 
(5.8) 

448.4 
(0.9) 

42 
(6.2) 

19 151.3 
(11.6) 

16.8 
(6.9) 

450.4 
(2.1) 

44 
(2.4) 

14 153.2 
(9.6) 

51.3 
(9.4) 

448.2 
(3.1) 

15 
(4.1) 

17 146.0 
(2.1) 

19.0 
(5.7) 

457.0 
(0.6) 

44 
(3.9) 

*  Values shown are averages for 5 firings.  Series standard deviations are 
shown in parentheses. 

Results were mixed with one partial Improvement in each category of 
faster and slower ignition. Increasing the web of the Zone 3 propellant or 
employing the faster black powder igniter did not reduce combustion 
instability. The -AP was large for each group (Series 13 and 14). Ignition 
delay for Series 14 was, as expected, significantly reduced.  Altering the 
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sequence of propellant ignition (Series 19) or using two basepads (Series 17) 
for multiple ignition did significantly reduce pressure waves (Figure 12). 

F.  155-mm Howitzer Simulator Firings 

The 155-mm howitzer simulator used to conduct a variety of studies at the 
Ballistic Research Laboratory into the detailed phenomenology of propelling 
charges is shown in Figure 13. The massive mount, constructed of armor plate, 
accepts either plastic chambers or axlally reinforced, filament-wound fiber- 
glass chambers. The chambers used for this study were available cast acrylic 
tubing with nominal inner and outer diameters of 165 mm and 191 mm, respec- 
tively. The clear plastic offers much better visibility of the events tran- 
spiring within than does the fiberglass, but it fractures at significantly 
lower pressures. The pressure limit for these tubes has been found to be 
variable from sample to sample, and is pressure-rise-rate dependent. The 
fiberglass chambers were manufactured by NSWC/DL, and are wound on a mandrel 
to the Interior dimensions of the 155-mm, M199 cannon chamber. The muzzle end 
of the chamber is closed by a projectile seated in a section of gun tube 
machined to the dimensions of the M199. The projectile may Include onboard 
Instrumentation. The breech end of the apparatus can be closed by one of four 
spindles: the mushroom configuration of the M199 or M185, or flattened-face 
versions of each. The Ml85 mushroom which was used for this study can be 
Instrumented to take three Klstler 607C piezoelectric pressure transducers. 
Strain patches may be affixed to the chambers to monitor stresses induced by 
solid-phase dynamics. 

Photographic data were recorded with a Hycam 40, high-speed, 16-mm 
camera. For the tests reported here, the data were recorded on Kodak 
Ektachrome 7241 film at a framing rate of approximately 5200 pictures per 
second. A 1-kHz timing signal was placed on the film by electronics internal 
to the camera, and the firing fiducial (time at which the firing voltage is 
applied to the gun) was also placed on the film to aid in correlation of the 
film data with other data. A mirror was positioned behind the mount to allow 
simultaneous recording on each single frame of the events occurring on both 
sides of the chamber. 

Prior to and serving as a motivation of the standard gun test firings, a 
Zone 5 charge similar to those fired in the gun was test fired in the simu- 
lator. The charge was conditioned to 63°C prior to firing. A portion of the 
photographic data for this shot is shown in Figure 14. The top photograph 
shows the charge prior to firing, with the spindle at the right and the pro- 
jectile at the left of the figure. Shown next in the figure is the early 
igniter functioning. After this, a mild luminous front oscillated between the 
spindle and projectile (not shown). As the charge began to burn, it became 
cocked so that the rear end was lifted off and the forward end remained on the 
bottom of the chamber. Further into the cycle, a slug of propellant (Zone 5 
increment) separated from the charge and was propelled toward the projec- 
tile. Each of the seven final photographs of Figure 14 are separated by about 
0.4 ms. The plastic tube failed in the frame succeeding the final photograph, 
and the velocity of the slug of propellant at this time was approximately 150 
meters per second. 

Given the behavior seen in this single test firing, one round each of the 
same charge composition and loading of Series 2, 8, 9, 10, and 11 was fired in 
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Figure 14.  Film Flame Data, Zone 5 Charge 
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the simulator. The Series 2 firing was essentially a repeat of the shot just 
described. The plastic tube failed before any motion of packages of 
propellant was noticeable. Likewise, the tubes failed before charge movement 
in shots for Series 8 and 9, where the movement was constrained by reinforced 
tie straps or a cardboard spacer. Since these configurations yielded large 
pressure waves in the gun environment, it was hypothesized that the con- 
straints probably failed at higher pressures, allowing movement of the propel- 
lant. The shots for Series 10 and 11, with increments separated in the cham- 
ber, showed no movement of any of the packages, a result consistent with the 
lower-level pressure waves produced in the gun. 

IV.  DISCUSSION AND CONCLUSIONS 

In this study, the influences of charge Interzone permeability, 
distribution of ullage, charge Increment movement, igniter brisance and place- 
ment of parasitic components on the formation of pressure waves in tempera- 
ture-conditioned, multizone charges were investigated. These are the param- 
eters we earlier identified as those most likely to affect the detailed gas 
flow, bag rupture, and propellant motion characteristics of multizone 
charges. Figure 15 graphically illustrates the large range of peak chamber 
pressure and -AP^ obtained by changes in charge/chamber configuration and/or 
charge Interzone parasitics. .   ^ 

Within the range of parameters studied, the results of this investigation 
are consistent with, but not a direct demonstration of, propellant motion and 
possible grain fracture as mechanisms for production of pressure waves in this 
type of charge. We note, in all instances for the 63°C-conditioned charge, 
where the forward increment could move during the flamespread cycle, albeit 
after initial confinement, that we obtained large-magnitude pressure waves. 
This motion is probably testimony to the strongly localized base ignition of a 
very rapidly burning package of propellant (Zone 3), whose product gases 
cannot percolate through the forward propellant bed and interzone barriers 
without inducing considerable motion of the forward package(s). This is 
particularly true of instances where the gases find no avenue of relief, as 
with the charge loaded completely in radially confining tubes (Series 16). In 
situations in which the forward element truly cannot move, such as at maximum 
standoff or with initial Increment separation, the pressure waves are small. 
Further indication of this amelioration is presented by the low-level waves 
with the uniformly blended charge, where there are no interzone physical or 
porosity barriers, and with the double-basepad charge, which may have 
generated enough reverse thrust at the forward end of the charge to preclude 
substantial motion. 

The overwhelming conclusion reached from this study is that the perform- 
ance of the multizone charge is truly a function of many interacting proces- 
ses, which are affected by the many interrelated components comprising the 
charge. We have identified areas of concern for bagged multizone charges; 
studies currently underway will indicate whether the concerns are valid for 
more rigidly confined charges of the future which will employ combustible 
cases. 
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APPENDIX A 

PLOTS OF SPINDLE PRESSURE (SOLID LINE), FORWARD-CHAMBER 
PRESSURE (DASHED LINE) AND PRESSURE DIFFERENCE VERSUS TIME 
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MULTI.085, SERIES 18 
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ITEM V3-2A640 

M««i*» c.^w « RAOFOftP ARMY  AMMUNITtON PLANT.   RADFOf?D. VA.  ^0<kfl4   Afn»uM. 260,519 
c«i...i »i.VV-|t-l73 ^NJ-Cr^ZiAL i>«i.   4-28-.'^i__ SMtiit.i.o* NO _Jtit-i'-i5J16A__(ina_w/iCfAi,_506ii=a*-3076i--^^-i5492: 
       ____      _    __ ■n<l APSA Technical  Inicructlong datad  14 April   1970 

'f 

I 

ACCCPTED   BLEND   MUUSCXI NITROCELLULOSE 

B;-10^604Yi_609Y;  611Y;   617Y;  620Y;   626Y;   632Y: 
'"' 6'3"5Y;  637Y;  638Y;  639Y; TUY 

MiMmuni    1 3. 13- % 

Avcrflgt 13.15 

TUTt  

Kl Sl9tcl<(6».»*CI 

\ 

_' Hint 

MANUFACTURE OF PROPELLANT 
 "•??__ Pcurai   tolvjnl  pM  Poui>« Xe/D'f Wlijhl  li>(i:illiMl   CuMltllng  (t 35 Poundi  Alcchol   af>< . 

CxtinloCl   n«r«li   10   Wholi 10^  ._ ,_       _          

Stoklllli <ll4fC) 

"JQ      +       Mint 

3° Ul« 
30    + 

Ciploal9« —. , Hrs 

_«- . Pound! _„£T11£K ptr 100 P»jr<5» !^K«r< 

ffom 

.40 

3 
..If.. 

5J:  
5J 

_60_ 
56 

PROCESS-SOLVENT   RECOVERY  AND  DRYING 
_         Poy»  Hpu«i    

LOAD SOLVENT RECOVf-RY JTANK  

INCREASE  SOLVENT RECOVERY TEHPERATURE 

HOLD SOLVENT RECOVERY TEMPERATURE 

WATER DRY CYCLE 

"AIR DRY CYCLE 

4 
22 
30 

s 

paCPELLANT    COMPOSITION TESTS   OF FIU'ISMEO PROPELLANT 

Nmf>CtUA'LOSE 

lilN^l.KOTOLUENE 

DIbiriYLPHXHALATE 

DlPUfNYLVITN'E  (ADDED) 

TOXA). .V(M.AXa£5  
MOJSflT^E  

RySlM'.U "^OLVEKTS  

Ptrcant 

85.00 

10.00 

5.00 
iUU.OV 

1.00 

0.78 

Pireanl 
TeU^cnc< 

±2.00 
+2.00 
±1.00 

±0.10 

±0.20 
M.W. 

P«rc»(ll 
 MtQIUlfd 

84.68 
j.ax.is_ 

nJuVuiT"" 
  Tofm  of  Ffop»llaM 

T70Z 
^86^ 
0.60 
0.26 

STASILtTT    AUD   PHYSiC*j.    TEST« 

To T mult 

H.oi Till S.P..   134.5°C 

NO EXPLOSION 
Np_CC_.40i 

5 HRS. 

5PJ  

CLOSED    BOMB 

Ii«  
Standard 

■ , ,-, 

RAX)- _6fci08 
iA-51080 

T»mp. T 

+90 
+ 90 

Rileliv* 
Outcknctl 

100.64 
100.0% 

KtUtlll 
FofCt 

101.58 
100. ot 

PREDICTED BALLISTIC RESULTS 
CHA.RGE  WElChT,   or. 

PRPSSURE,   psi. 

ZONE   1 ZONE  2 

8.51     ,9.93 
MM.^ 

Reriarks: FIRED IN ALCORCANCE WITH mL-STD-286B,  HETtiOD 

801.1.   is ArNOMINAL SIZE  200 CC CLOSED BOMB.     CLOSED' 

BOMB TESTS  V.7.RE COS    ICTED FOR CH.«GE  ASSES5>iENT AT 

PROPELLANT   DIME^^£IONS (inches) 

Ltf.;lh(l.l"cut" 

0'Cr.llir(D)Dlt 

rjtt. Dla.|<pl« 

Avg.Web(Wa) 

:i«   Da». Id •*•* 
ot fit t.trz^ 

L:0  

D « 

Spaciflcaliow 

20  MAX. 

?i2  to 6'0 
3 NCM. •■ 

__riniahid _ 

o.i9?g 
o.i065_   10.0467 
0.031 O.Oiqj^" 

oroTjj 

9.3 

4726" 
2.4 ' 

ZONES   1   A.ND_2_IN UEU OF BALLISTIC TESTING.     EOPA- 
55^92-2  ViS   ISSI'ED I'N Rr:SPONSE TO VECP-5.  

T,f, .( Pcciirt con.a.r.,, M24   Containers   per   letter  SMllRQ-QA.   dated   8 January  .197V_ 

R.mo'ka        *COMt'l.TED ON TV A.N'D DIPHENYLAHINE  FREE  f.A^IS.  '  

Vttn VerloIlM In X 
»t Kocn DirrafttiQffO 

 Aiiuai 

l.J4_ 
2.57 

 Sj-tc  

6.25MAX 

6.25  HOC 

»°""""'1/8/71 
Tail rinlaha* 
 1-18-71 
""•'••2-4-71. 
Ditcfjpfien S^t■^t 

2-8-71 

_JJi"  t°I  POES/f-gy-'ry >i£ET  AIL THE CHEHIC.AL  tJ!D  PHYSICAL  R£QUIRE>7,NTs  OF THE  AFPLIC.VBLE  Si'ECIFICATIOR. 

Ct«lij:;'0fl    »"«;(»i»r'3»i*t 

I.. 
P. w. 

\ 

141 



U.I. Ainr ur ^,.   lun-    69275 (ACTUAL LQTJ 74    e.»p.iiii.n N.. Mt. >v, 135MM new.. roR rRoraLmo cuARffg, M^.A2 
         ITKH V3-30623  

^,on »m.v,M__M.]Ui.92_ !:!!: 

52153-2, 53472-2, P,W 7000588-2 «.T3 T^ SKI'AP-A;K-821.'.2088 

AcecFTts »LiNo Muvnrwa NITROCtLLULOSE 

B-12.223Y! 231Y; 237'Y; 252Y! 253Y; 256Y; 260Y; 
261Y; 262Y! 263Y! 268Y; 282Y; 288Yi 295Y; 
338Y 

Y    DrSIOVATF.S WOOD SUI.FITE CELLULOSE 

Nllre^tA  Cenrtnl 

Utiimuffi     13. 20   <,, 

Uininwm     l^.^ll. •/, _______ Mini 

. Ujnl 

liatlliif li>4 9*CI 

30    +     . M,M 

, Mtni. 
30 

30    ^ 

Eiploiio^. 

.Mini 

. Mi«i 

MANUf-ACTURE Of-" PfiOI'£LLAWT 
0*0*       P....W.41  Soivtn* ptr Pouid Kt/litf wiignt tngfidiinti  Coni'itmg el 3j        Pohngi  tieon«i sng Ju_ 

f*'l'einf9Tl   Rimi,  10   Wft^i* .lO. ,   ,^     ■  ...__ 

. Poundi , ^^'^'^ cir 100 ^ndi Sel.iM. 

^ft" 
u'li'S '"^ PROCESS-SOLVENT   RECOVERY   AND  DRYING Cgri JlSiTl. 

35 
_2i. LOAD SOLVE:;T RECOVERY TA-V< 

55 INCREASE  SOLVENT RECOVERY TE.MPERATURE 12 

55 HOLD SOLVENT RECOVERY TEItPERATURE -24. 
65 WATER DRY CYCLE 

55 AIR DRY CYCLE M. 

PWQPELLANT    COMPOSITION 
TESTS   OF FINISHED PROPELLANT ST«BIUTY    tHO   PHYSICAL   TESTS 

P«'c,«t 
Ffiir^la Fofmylo Aelygl 

NITROCELLULOSE 85.00 +2.00 84.97 HI T.,1 S.P..  134.5°C NO CC 40' 60' 
DINITF.OTOLUKNE 10.00 +2.00 9. 73    ;<'0 EXTLOSION 5 HSS.   MIN 5 hrs. Trrmr 

■rLT,S-.i., 
DIBirrn-PHTlLVUTE 5.00 +1.00 5.30 Form   of   Pfopillont 

TOTAL ■■100,.Q.Q... 100.00 KO.   OF ?ERF0R.\TI0NS 
DIPHESYLMINE   (ADDED) 1.00 :a:ta 1.08 
POTASSIL'Jl SULFATE   (ADDED) 1.00 +0.30 1.10 COMPILES SIBILITY 30j; >aN 43 
TOTAL VOLATILES 0.79 
1,'OISTURE 0.60 !     +0.20 0.45 
RESIDUAL SOLVENTS 1.32 MAX. Q.34 

*COKPUTED ON TV-,   DIPIENYLAHIIJE-,  AND POTASSira SULFATE-:-'P:-:E BASIS. 

CLOSED   no:,-B f^i^OPHLLANT   Di:.'iNi;iOi.l3 (inciua) 
Ulcn Vorlotion In % 
ef iiti-in Qlminiioni 

llil. RAD- 69275 +90 99.62 % 99.85 % Sp»cificfl'i6n il>t{ Actual 

^'^£'■^al 0.4A7 0.4322 6.25 M\X, 1.73 
D.o'.itii !D) 0.279 0.1943 

RAD-6S3r!8 +90 100.00% i 100.00% P»rf  cia,(gl 0.023 0.0152r 
6.25 '.UX.I    2.66 

FIRED  IN|ACC0RDA:.XE WITH.mL-STD 2g6B,  :KTi:3D  SOl.l, II^'.'fiR 0.0535 

IN A NOMI;;AL SIZK 200 CCICLOSED SO: TFSI  FOR OUTER 0.0515 

0.0361|'^"*"'  4/22/74 
O.OSS?!'"""" 4/22/74 

INFORKVnONAL PURPOSES  OSLY. AVE     GE 
." i .: . f^finct/ 
,•■■;•    ■••. M % 

0.0525     0.0374 

15 KAX. 

L 0 2.10  ^^   2.50 

7.1 
2.22 

5.0  to  15 112.3 

Tilt Fin(«h«cJ 

 A-CQ-7A 
4-30-74 

Dvicnption Sniati 

Typ«  of   Pocking  Contomif 

Rimorlii . 

FIBER DRUMS PER MIL-STD-652B 

THIS  LOT riKETS  ALL THE CHH>aCAL A2TD PH\'SICAL RKQUIRCffiNTS  0?  TliE A?PtICA?,LE -SPECIFia^TION. 

CfrKtroetor'i   MipnitiMottvt 

H C.   Dickinson  //. ^ . ^^^/.^^--i^-- 

«dU PO«M  t04ril MARCH ItTI 

/' 
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PROPELLANT DESCRIPTION SHEET 
»£PORTS CONTROL SYMBOL 
EXEMPT-PARA 7-2a 

AR 335-15 
^Mc. COi "vms% R-NING  IGNITER POWDER,   TYPE  II   (ACTUAL   LOT) 

DA  LOT  NUMBER 
RAD82L005-0Q6 

SPKifiCATiOK(.ppj_^ MIL-P-60356 dtd  14 Jan 82 PACKED AMOUNT 
18,020  lbs. 

RADFORD ARMY AMMUNITION PLANT, RADFORD, VA. 
CONTRACT NUMBER 

DAAA09-77-C-4007 
MfTHOCEttULOS 

ACCEPTED BLEND NUMBERS 

B-13,192Y;   20AY;   221Y 

"t   DESIG>;ATES WOOD SULFITE CELLULLOSE" 

NITROGEN CONTENT 

«AX_iX-L2__ y. 
MIN      13. 11 y^ 
iun      13.15 "• 

Kl STARCH 
165.S"C) 

45.+ 

_MIN 

.MIN 

SIABItlTY (134.5°C) 

30 
EXPLOSION 

.MIN 

.MIN 

. MIN 

HR 

;:MANUFAaU8E OF SOLVENT PROPELLANT 

ETHER 
. POUNDS SOLVENT PER  POUND NC/D»y.WB£»t INGREDIENTS CONSISTING OF . 
.PER 100 POUNDS SOLVENT PERCENTAGE REMIX TO WHOLE    12  

Jii_ POUNDS ALCOHOL AND . 7P POUNDS 

TEMPERAIUR 
FROM 

nmp PROCESS^SOLVEST RECOVERY AND DRYJSG 
AMBIENT LOAD  FORCED  AIR DRY 

DAYS 

AMBIEIJT 140 INCREASE TEMPERATURE   5=F PER HOUR 

140 HOLD  AT  TEMPERATl^RE 24 

PROPELLANT COMPOSITION    * fESTSO fiNISHED PROPELLANT STABILITY AND PHYSICAL TESTS 

CONSTITUENT PERCENT 
FORMULA 

"pEft'itNt " 
TOLERANCE 

-PTOTNT 
MEASURED ACTUAL 

.•ITROCELLULOSE 98.0 KINIMLT-l 98.43 HEAT TEST    SP.   134.5°C SO   CC CO    60'+ 
DIPHENYLA.MINE 1.50 •^o.:o i.'^y NO   EATLOSION NE   5  HRS.MIN NE 5 hrs 

TOTAL 100.00 FORM OF PROPELLANT nj^hi. 
GRAPHITE 0.3 MA.X. 0.20 NO. OF PERFORATIONS 

TOTAL VOLATILES 1.3 +0.5 

ASH 
JLl^ 

MAX. Q.U 31TLK DENSITY,Ibs/cu.f .27.0 ±3.0 25.0 

♦COMPUTED ON A TV .AND GRAPHITE FREE BASIS. 

GtSSED BOMS PROPELLANT DIMENSIONS inches] 

TEST       R;D82L005-00^ 

LOT NUMBER 

STANDARD       RAD-2-21-71 

-50 

RELATIVE 

100.40 

50        100.00T;       100.007. 

RELATIVE 
_F_ORCE  

99.41 
LENGTH (LI 

DIAMETER IDI 

PERF. OIA. (d) 

REMARKS 

FIRED   IN A NOMINAL  SIZE  200CC CLOSED BOMB.     TEST 
FOR I:;FORM.ATION ONLY. 

**ADVISORY 

W«b D;fl«f«nc« 
/Sm. D.v.  in   % 
o( Web Avg. 

L:D 

D:d 

**4PECIFICATION 

0.004 

0.055 

.J.OIO 

TYPE OF PACKING CONTAINER FIBER DRUMS PER MIL-STD-6;2D . 

DIE 

0.004 

0.080 

0.018 

FINISHED 

0.004 
Q.Q5^ 
0.011 

i'B'Dtv   ,n'V.     '  " 
of meon Dimanitoni 

SPEC. 

DATES 

PACKED 

SAMPLED 
lX/24/gl 
11/24/82 

TEST FINISHED 

OFFERED i?-?7-8; 
DESCRIPTION SHEETS 
F0RWAfD^_g3 

REMARKS 

THIS LOT MEETS  /J.L  CHEMIC.^  .AND PHYSICAL  REOl'IREMENTS  OF TH.-   .iiTLIC.^BLE  SPECIFICATLDN. 

SIGNATURE OF CONTRACTORS   REPRESENTATIVE 

W.   D.   Sink 

L 
ARRCOM FORM 214R 10 AUG 77 

(TGNSTiJRE OF GOVERNMENT Oy^TY .^SURANCE REPRESENTATIVE 

Ss   L   BLA.ND 
143 SEQUENCE No.   373 



CERTIFICATE OF COMPLIANCE AND ANALYSIS 

DLACK POWDER, POTASSIUM NITRATE 
SODIUM NITRATE 

SPECIFICATION fH' I 

GRADB/CLASS C " S 

p aa3 

DATE  PACKED      Sj/^<^f 

LOT NUMBER NOMINAL  

« >>' 
CHEMICAL AND PHYSICAL REQUIREMENTS 

X3ISTURB 

ANALYSIS - DRY BASISi 
PotABBium Nitrate 
Sodium Nltrata 
Sulfur 
Charcoal 
Calcium Carbonato 
Seial-Bltumlnoua Coal 

Total 

SPECIFICATION LIMITS 
MAXIMUM     MINIMUM 

0.70  t       % 

7S.0  % 73.0% 

ANALYTICAL RESULTS 
SAMPLE 1   SAMPLE 2 

0,^S7h 

XX XX 

7J.^ I 

ITT 

TbT.1Bi% 

o.S/l % 

7^2-% 

/OrjT 
/S.3 

r?ro'% 

ASH 

SPECIFIC GRAVITY 

APPARENT DENSITY 

GRITTY OR FIBROUS PARTICLES 

GLAZE 

GKANUXATION % 
On U.S. Std. 
On U.S. Std. 

ThruU.S.   Std. 
Thru U.S.   Std. 

Date Tea ted __ 

Book No,     

Order No.    

Customer 

16 

Ho 

aUJ&i 

o.&o\ 
i.eo 

f\fo>K>e^ 

3.0 \ 

S.G 

Y.7^ 

tk 'oA/e 

LZ22 

U-* 
^.o 

f,7e( 
1.01 

/Vo 'oA^e- 

^J  % 

12: 

Tested  by ,   rJ^me6   f)7J)5 

1A4 
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