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I. INTRODUCTION

It recant years, simulator diagnostics have become an important proceduie
in support of the development of advanced large caliber gun ammunition at the
U.S. Army Ballistic Insearch Laboratory (YRL).1-4 Particularly, in the LOVA
technology development program the diagnostic procedure has been extensively
used for the performance evaluation of various LOVA formulations as veil as
the novel ignition systems tailored for LOVA propelling charges. This
diagnostic technique also has been a very useful tool for ynveiling the causes
of high amplitude pressure waves occurring in gun firings.

The simulator employed was fabricated from a transparent acrylic tube
which offered excellent visualization of the events occurring inside.
Pressure rises at the breech and forward ends of the simulator chamber were
measured by using quartz PCB pressure gages.

Via simulator difgnostics many ignition phenomena occurring during the
early phase of the ballistic cycle can be observed and analyzed. These
phenomena include the functioning of the ignition system, flamespreading,
formation of pressure waves, and propellant bed motion and compaction.

Of the data recorded in the diagnostics, the pressure' histories at the
breech and forward ends of the simulator chamber and the flamespreading along
the propellant bed are most important. In general, both data should be
examined for the best understanding of the ignition phenomena. However, with
the correlations we established between these two kinds of data, it is
possible to visualize flamespreading fairly accurately by examining the
pressure-time curves alone. The vice versa is true in many cases. Thus the
correlations are useful in the situation that only one kind of the data is

1 T.C. Minor, "Ignition Phenomena in Combustible-cased Stick Propellant

Charge," 19th JANNAF Combustion Meeting, CPIA Publication 366, Vol. I, pp.
555-567, Oct 1982.

2 T.C. Minor, "Experimental Studies of Multidimensional Two-phase Flow
Processes in Interior Ballistics," ARBRL-MR-03248, U.S. Army Ballistic
Research Laboratory, Apr 1983 (AD A128034)

3 L.M. Chang and J.J. Rocchio, "Early Phase Interior Ballistic Cycle Studies in
a Tank Gun Simulator," proceeding of the 8th International Symposium on
Ballistics, pp. 1-13 - 1-24, Oct 1984.

4 L.M. Chang, "Eraly Phase Ignition Phenomena Observed in a Tank Gun Chamber,"
21st JANNAF Combustion Meeting, CPIA Publication 412, Vol. II, pp. 301-311,
Oct 1984.

5 L.M. Chang, "Mechanism of Formation of High Amplitude Pressure Waves in the
5-In./54 LOVA Propelling Charge," 23rd JANNAF Combustion Meeting, CPIA
Publication 457, Vol. II, pp. 297-306, Oct 1986.
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available as well as to help one to better understand the ignition processes.
This report is principally to present such correlations established based on
the data obtan " in various simulator diagnostics programs involv~ed in the
development- of tue advanced L.OVA charges for the 115--um tank gun system. In
addition, effects of apparent ullage appearing in a cartridge are analysed.

II. EXPZRI KMTAL APPARATUS

rigure I presents a cross-sectional view of the 105-mm tank gun
simulator. The chamber of the simulator was made from a transparent cast
acrylic tubing with inside and outside diameters of 127 mm a•d 152 ma,
respectively. It offers excellent visualiz.ition for the recording of the
events occurring inside. The chamber was capable of withstanding dynamic
pressures in excess of 21 14Pa (3000 psi) before rupturing. The rear and of
the chamber was adapted to the base of a real cartridge and its forward
end to a short gun barrel in which an inert projectilp was loaded. The
simulatoe thus resembled the configuration in the 1C5-mm gun system. The unit
was mounted on a steel fixture.

Figure 2 illustrates tk.- experimental arrangement fo: the simulator
diagnostics. The instrumentatuon used included three presivire gages@, two
Hycam 40 high-speed 16-mm cameras, one X-ray head, and one linear position
transducer. The pressure gages (quartz PCB Model 113A23) monitored the
pressure histories at the two ends of the chamber. As indicated in Figure 1.
Pi and P2 gages were installed in the breech and P3 gage in the projectile
a terbody near the forward end of the chamber. Camera A and Camera B, located
900 apart, allowed simultaneous recording of the flamespresding along the
chamber length from two different angles. The framing rate of the cameras was
set at 5000 pictures per second. The X-ray head was positioned on one side of
the chamber and a cassette containing a Kodak XR-5 film on the opposite side
to record the propellant bed motion and compaction. The linear position
transducer (Schaevitz Linear Variable! Differential Transformer) was attached
to the projectile nose for recording the projectile motion as a function of
time. The entire fire control, data acquisition, and data reduction were
performed by using the Ballistic Data Acquisition System (BALDAS) at the BRL.

SUPPORT STRUCTURE

TRANSPARENT CKADER (ACRYLIC TUBE.
Figure1Cross-ectioa127 VewID, 152 t00) 5i-uSmlt

10489

- - " : "q - ........ '..
" •~~ ..... " """

977.9 u

Figure 1. Cross-Sectional View of the 105-ms Gun Simul.ator
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All of the simulator chambers, except indicated otherwise, wer, fully
packed with prtpellant without apparent ullage. The packing procedure
consisted of allowing the propellant to freely fall into the chamber which was
standing vertically. This ensured good reproducibility of propellant pecking
density.

0MA I

M~Ue 2A Iul

P11

CARERA A

slo==Pr. Pr, P3 1 Prism &VMl
F AI NES UPI
CAUAS t NYCM 400 WM 3AISI I

UWAN POITION MI WMk

Figure 2. Experimental Arrangement

III. RESULTS AND DISCUSS IONI

The following will present the correlations between the pressure data

and the flamespreading in the propellant bed obtained via the diagnostics.
The correlations are established according to:

o the time sequence of the occurrence of the pressure peaks at the breech and
at the projectile

o the pressure difference between the breech and the projectile at the

instant that the chamber ruptured

o the pressure difference of the two pressures prior to the chamber rupture

o the ignition delay of the propellant

The results are also correlated with the data from gun firing tests when such
data are available. In addition, effects of apparent ullage on the initial
pressure rise and flamespreading are analyzed.

~ haL~mm ~II



A. Time Seauance of Occurrence of Pressure Peaks

All of the acrylic chambers used in this study were supplied by the same
manufacturer. They were unifor* in structure and free from visible defects or
scratche". It can be reasonably assumed that all chambers had approximate thu
same strength Qnd in each chamber the chamber wall bad a uniform strength
along its length.

In tha following, PI and P2 denote the pressures recorded by the two
geves installed in the breech, while P3 in the prnjectile afterbody near the
forward end of the chamber, as indicated in Figure 1. The peak values of the
three pressures are desig"ated as P1 , P2 , and P3 , respectively. They
occurred immediately following the Zptui'i of the thamber. Examinatxon of the
photogwaphic data recorded on the high-speed film reveals that the first
pressure peak of the three curves took place within 0.2 as after the
initiation of the the chamber rupture. Furthermore, let the instant at which
P1 - occurred be denoted by ti, P2 by t 2 , and P3 - by C3 . Here the times
refer to the times after app;Icatixn of the firing voltag. Comparison of
pressu.?e measurements shows no significant discrepancy between P1 and P
curves in each round when the round was fully packed without ullage. Tius we
hereafter treat P2 the same as Pi. There are three possible orders of the
occurrence of Pip relative to the occurrence of P3 : before (i.e., t <
t 3u), after (i.e. , t1 > t 3 ,), or at about the sami time (i.e., t, 1t 31 ).
Fo? the convenience of the rolloving analysis, we define a time didfereni. so

dtpM t 3 p - tip.

1. Pip Occurs Before P3. (tip < t3p)

Figures 3a and 4a present typical pressure-time curves of two rounds in
this category. In the figures the breech peak pre.ssure, Pi,. occurred prior
to the projectile peak pressure, P3 1 , by time intervals o2 t4 - 0.23 as and
dt - 0.3 me, respectively. Values Ri dt and other related dLta directly
ueasured from the corresponding pressurT-time curves are listed in Table 1.
Based on the pressure and photographic dati. gathered from the tests with the

Table 1. Pressure-Time Data
ROUND tip t 3p dtp Pip P3p R

(prop./pri. body/ (ms) (is) (Us) (NPa) (MPa)
igniter mat.)

130/M83/Benite 8.74 8.97 0.23 18.00 7.36 .810
LOVA A2-10I/MC3/Benite 18.10 18.10 0.00 23.80 12.70 .230
LOVA A2-102/M83/Benite 24.30 24.60 0.30 13.40 9.70 .610
LOVA A2-101/E-tip/Benite 22.80 22.90 -0.10 23.50 21.70 0.005
LOVA 1289BL/H83/6828 7.30 7.03 -0.27 22.11 30.56 -0.690
LOVA 1289BL/M83/Benite 13.68 13.56 -0.12 24.00 22.43 -0.010
LOVA 1289BL/EEF/6828 4.89 4.71 -0.18 23.50 22.24 -0.090
LOVA 1289BL/EIF/6856 9.53 9.34 -0.19 20.63 18.00 -0.020
LOVA 1289BL/EEF/M9+5%AL 6.85 6.55 -0.30 22.89 25.76 -0.300

EEF body: 39 holes (3.175 mm in diameter) in body and 4 holes (3.1i! mm
in diameter) in vented tip.
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105-mu tank gUn simulator, we can practically establish a criterion that dtp
is large when Idt I > 0.2 so, moderate when 0.15 ms < Idt I < 0.2 so, and
Small whun Idt 1 ýPO.15 as, where I I denotes an absolute Calue. The two dt
values given abZ4& are considered large according to this criterion. A lars?
positive value of dt means that the chamber rupture initiated very close to
the breech. Nembhill if the pressure difference, dP - P - P3 , at the
instant of the rupture is also large, like th -ones shown In Figures 3a and
4a, then the implication is that the chamber rupture initiated in a narrow

FOSIMO END

22 ~SMEEO END , 6.8 MS (2.0)

tip1.4

2 d p (1.0)
I,. plat.: &mfite a.8

ddrr

o8.2 )

p~p (0.6)

2i 3
LeI 8.8 MS

0 2S It e i 0112 1% (0.0)

0 2 '121S"-

TIME (us)

(b)

Figure 3. Pressure Rise and Flamespreading, tlp < t3p

Note: a. In all of the figures shown in this report the
times indicated refer to the times after application
of the firing voltage and the times in parentheses
refer to the times before the instant of the
chamber rupture.

b. The pressure peak occurred within 0.2 ms after the
initiation of the chamber rupture observed on the high-
speed film.
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section of the chamber near the breech. In other words, a hilb-preasure region
existed near the breech and the pressure was highly localised. The role of
the pressure difference, dP, viii be further discussed later.

We then seek the correlation between the pressur.-time curves md the
photographic data. figures 3b and "b' shibit the flaueeproading reprinted
from the high-speed films corresponding to Figures 3a and 4a, respectively.
The time indicated beside each frame in the figures is the time after
application of the firing voltage. The times in the parentheses refer to the
times before the instant ot the chamber rupture. The films show that the
ignition of the propellant started at approximately one quarter of the chamber
length from the breech dad, corresponding to the mid-section of the bayonet-
type M83 primer used in the two rounds. The flame then advanced toward the
two ends of the chamber. Before it had reached the forward end of the
chamber, rupturing occurred near the breech end. The implication is that at
the time of rupturing the pressure rise near the braech was much higher than
that at the forward end and it had exceeded the strength limit of the chamber
wall. This observation is fully concurrent with the implication of the
pressure data stated earlier.

FO~JRM N
BREECH END 22.2 s

261 N ~ (2.1)

to 23.0 mS
(1.3)

P. 23.5M

,12 Prop.: LOVA A2-102 (0

Prienr: M83
to. Hat.: Ben'ito P3p _ 23.8 as

dp (0.5)

r 24.2 a
1,.I L (0.3)

et 24.3 a

. 6 (0.0)
TIME (n)

(a)

(b)

Figure 4. Pressure Rise and Flamespreading, tip < t3p
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2. Pip Occurs AfteT P31p (tlp > t3p)

In uwmy case8. the breech pressure peak occurred after the projectile
pressure peak avd thus dt is negative. Figures 5a and 6a present two
examples of this kind. liter ignition, the projectile pressure, P3 , rose
faster than the breech pressure, Pl. and eventually the P3 curve crossed over
the P, curve. Finally, the local pressure at or close to the &age P3 exceeded
the strength limit of the ýhamber wall earlier than elsewhere along the
chambor. Chamber rupture thus initiated at/or near the forward end of the
chamber. This resulted in the occurrence of P3 . prior to Pip, The magnitude
of the negative dt can serve as a meAsurement of how cloe 6to the gage P3 tb;
rupture initiated. From Table 1, dt - -0.3 as and dt - -0.44 us,
respectively, for the two rounds showy in Figures 5a aal 6a. These values are
also considered large according to the above criterion. We then conclude that
the chamber rupture iuitisted in a r2giou very close to its forward end.

The photographic data corresponding to Figures 5a and 6a are presented in
Figures 5b and 6b, respectively. From the data we see that the flame had
covered the entire zhambe: leftth before the rupture occurred. The last
frames of the photographic data show the location vhcre the rupture initiated
as seen on the films. The locations are in agreement with those interpreted
using the pressure-time curves.

t SU~PEECHN

*0 - t 3 p- 4 E•1(2.1)

Prop.: LOVA 1239BL 3.
Printr: tEF (1.7)• , .19. Met. : lM+StJAL I P

- S.6 ms

912i n (0.0)

6.4 nn~

S,. __ - •(0.2)

'" •/ 3"II,6.6 m

0-w----- 4oo

TIME (ma

(a)

Figuze 5. PI-essure Rise and Flamespreading, tlp > t3p
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5. 2ms
- _, 1__ (1.9)32 - •P-I"

23, 8.4 ns*
(1.5)

24dPr I A i n Or

20 Prop.: LOVA 1289BL - ( .
Primr: M83
Ig. "at.: 6828 1 m

L I 6.3ms
.12 1(0.7)

1 J6. 7 s.
(0.2)

S -- 7.0. I
TIME (m)

(a)

(b)

Figure 6. Pressure Rise and Flamespreading, tlp > t 3 pi

3. Pip and P3 p Occurs at Approximately the Same Time (tip t 3 p)

As the third possible order of the occurrence of P relative to.P 3 p,
both pressure peaks may occur at about the same time, fo4 which dtp is small.
Figures 7a and 8a exhibit the pressure-time curves belonging to this category.
From Table 1, dtp- 0 and dr_ - -0.1 ms for the two rounds, respectively. Asmall magnitude of dtp can pose two implications: rupture occurring near the

mid-section of the chamber or occurring uniformly over the entire chamber
length. In the first case, the rupture resulted from a localized

pressurization in the mid-section. The pressure peaks Ply and P 3 - would
arrive at about the same time because of about equal distance to ýhe gages P1
and P 3 In the second case, the chamber is pressurized fairly uniformly alongthe chamber length. The two pressure peaks would also arrive at about the

same time. Thus to correctly interpret a small magnitude of dt we have to

examine the pressure difference between P1 and P3 also. This w~ll be detailed
in Section B.
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Figure 7. Pressure Rise and Flamespreading, tip = t3p and Large dPr
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Figure 8. Pressure Rise and Flamespreading, tip ' and Small dPr
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The flamespreading corresponding to Figure 7a which belongs to the first
case is presented in Figure 7b. The last frame in the figure shove that the
chamber rupture initiated in a small region in the mid-section of the chamber.
Corresponding to Figure 8a which belongs to the second case, the last frame in
Figure 8b indicates that the chamber ruptured simultaneously over tbe entire
chamber length. Again, the flamespreading observed is in agreement with the
implication of the pressure data.

B. Pressure Difference Between Breech and Proiectile at the Instant That
the Chamber Ruvtures

In general, the magnitude of the pressure 'difference between P1 and P
can serve as a good indication of the uniformity of the pressurization in 1he
propellant bed. For convenience, we define a ratio:

dPr
R =•--

Pip

where dPr is the pressure difference between P1 and P3 , both measured at the
time that the first pressure peak occurred (i.e., it could be the time at
which P1 - occurred or the time at which P3 occurred, whichever occurred
first). If Pip occurs first, R > 0; othewise R < 0. When R is large (i.e.,
IRI > 0.15 based on our test results), the implication"is that the
pressurization and therefore the initiation of the chamber rupture are highly
localized. The data shown in Figures 3a through 7a belong to this category.
On the other hand, when R is small (i.e., IRI < 0.1) the implication is that
the pressurization and therefore the initiation of the chamber rupture is
fairly uniform along the chamber length. Figures 8a and 9a are examples of
this kind. Such interpretations are applicable to all cases of dtp > 0, dt p
0, and dt < 0.

p
Now let us re-examine the statement made earlisr that when dt is small,

there are two possible implications: the rupture initiated in the Sid-section
or uniformly along the chamber. With the pressure difference accounted for, a
correct interpretation can be ensured. Figure 7a shows the case that. dt: is
small but R is large (R - 0.23, see Table 1). Therefore the rupture initiated
locally in the mid-section of the chamber, as was confirmed by the
photographic data shown in Figure 7b. Figure 8a shows' the other case that
both dt (= -0.1 ms) and R (= 0.005) are small. Therefore the rupture
initiated uniformly along the chamber as shown in Figure 8b.

Next, let us examine two other cases as occurred in Figure 5a and 9a.
In Figure 5a, both dt 0- -0.3 ms) and R (- -0.3) are large in their absolute
values. The implication is that the initiation of the chamber rupture was
highly localized near the forward end of the chamber, as confirmed in Figure
5b. In Figure 9a, dt (- -0.19 ms) is moderate, but R (= 0.02) is small. The
implication is that t~e rupture initiated somewhere near the forward end
(since dtp < 0), however, the rupture of the other part of the chamber
followed almost simultaneously (since R is small), as evidenced in Figure 9b.

18
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Figure 9. Pressure Rise and Flamespreading, Small dPr

C. Pressure Difference Between Breech and Proiectile Prior to ChamberRuipture

Due to the fact that the vented section of the M83 primer tube ranges
from 80 mm to 290 mm from the breech end out of the total chamber length of
560 am, the ignition of the propellant always initiates somewhere in the first
half sectiin of the chamber from the breech end. As a result, the pressure
rise P3 at the projectile always lags behind the breech pressure rise P1 in
the early stage of ignition process. The difference between them, Pd - PI -
P3, then can serve as a measurement of uniformity of chamber pressure. A
small Pd implies uniform pressurization.

Figures 7a and 8a display data for two rounds, one with a large Pd and
the other with a small P Both rounds were packed with the same unimodal
CAB/NC/RDX Lot A2-101 LA, propellant and were ignited by the same igniter
material, benite, but with primers in different body configurations. One
used the standard M83 primer and the other used a modified M83 primer which
was constructed by adding a 4-hole (4.064 mm in diameter) vented tip, called
E-tip, to the primer tube. A comparison in Figure 10 shows that the round
fired with E-tip primer resulted in a much smaller P4 . A correlation between
P4 and flamespreading can be realized by observing Figures 7a and 8a together
with Figures 7b and 3b. The flamespreading shown in Figure 7b was recorded in
the round fired with the M83 primer. By the time of rupturing, which
initiated near the breech, the flame had covered 90 percent of the propellant
bed length. In Figure 8b, the flame in the round with the E-tip primer
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Figure 10, Pressure Difference Between Breech and Projectile

covered almost the entire propellant bed and the chamber ruptured
simultaneously along its length. Furthermore, a direct comparison of the
movements of flame fronts as a function of time is given in Figure 11. It is
clear that the round with the E-tip primer had better flamespreading. The
results are in concurrence with those interpreted from the pressure curves
shown in Figures 7a and 8a.

Figure 12 presents the gun firing test data for two three-round groups
using the M83 primer and the E-tip primer, respectively. We see that the data
on the right hand side for the E-tip primer show a smaller pressure ditference
dp, which implies a more uniform chamber pressure distribution. This results

in an improvement in ballistic performance in terms of the standard deviations
of breech pressures, muzzle vel.ocities, and temperature coefficients for the
rounds using the E-tip primer as compared in Table 2.

D. Ignition Delay, tig

Although there is no unique way to define the ignition delay of

propellant, the implication is clear that it is an indication of how quickly
propellant is ignited and starts massive burning. In this study, for the
convenience of comparison, we define the ignition delay as til - ti - ta
where ti is the instant at which the recorded pressure starts Lo rise and ta
the instant at which the pressure reaches 2 MPa, as indicated in Figures 13a
and 14a. The ignition delay, in general, is a function of several variables
such as temperature, type of propellant (composition, grain geometry, particle
size, etc.), body configuration of primer, and igniter material. A long
ignition delay may be associated with the variability of interior ballistic
performance. Thus it is an important factor to be considered in the
performance evaluation of a new primer.
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Table 2. Ballistic Performance in Gun Firing

v STANDARD DEVIATIONS* TWEPBRATURE COZFFICIRNT**
-------- ---- ------------------------- ---------------------------

(prop./pri. body br. pr. mus. vel. ig. del.$ br. pr. mun. vel. ig. del.
/igniter. mat.) (MPa) (,/a) (ms) (MPa) (m/s) (ns)

----- --------- ---------------- -------- --------------------------
LOVA/IM83/Benite 17 8 1 -150 -228 16.0
LOVA/l-tip/Beuite 6 4 4 -122 -203 15.6
LOVA/KF/682899  4 2 0.2 -205. -153 3.6

* Based on a three-round sample.

** The temperature coefficient is defined as the change in perform&nce from
2940 K (21 0 C) to 2270. (-460 C).

The ignition delay used in the table is defined as the time interval from
the instant that firing voltage was applied to the instant that the
breech pressure reached 10 MPa.

$$ This Sroup of three rounds was fired with LOVA Lot 1289BL propellant
which resulted in a higher level of breech pressure peak than the other
two groups which were fired with LOVA Lot Al-200 propellant.

Figures 13a and 14a present two sets of pressure curves, one with a much
longer t. than the other. The curves in Figure 13a were recorded from a
round firid using the standard M83/Benite primer and those in. Figure 14a using
a primer called EEF/6828 primer. Both shots used the same bimodal CAB/NC/RDX,
Lot 1289BL LOVA propellant. The primer body configuration EEF, shown in
Figure 15, is essentially a modified version of the M83. It retains the same
tube size of the M83 but has more vent holes in the body in addition to adding
a 4-hole vented tip to the end of the primer tube. This design allows the
igniter gases to vent more uniformly around the primer tube. Meanwhile, the
vented tip provides paths for the igniter gases to vent to the forward part of
the propellant bed. The igniter material 6828 (component: NC/NG/KCLO4 /EC =
26/17/57/1) is an oxygen-rich material which produces hotter combustion
products than benite. Comparison of Figure 13a and Figure 14a reveals that
the modified primer EEF/6828 has a:hieved a signiticant reduction in ignition
delay. This result is also true in gun firing as seen in Table 2.

A short ignition delay implies a fast ignition process, i.e., fast
flamespreading. This can be verified by comparing the photographic data
exhibits in Figures 13b and 14b. It took 2.75 ms for the round fired with the
M83/Benite primer compared to 1.55 ms for the round fired with the EEF/6828
primer from the time that the flame was first seen on the films to the time of
rupturing of the chamber. The traces of the flame fronts plotted in Figure
16 shows that the flame front for the round using the EEF/6e28 primer was
traveling much faster. A fast flamespreading represents a faster ignition
process, which results in a fast pressure rise and thus a short ignition
delay, as shown in Figure 14a.
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Gun ftring test data also show a reduction of the ignition delay for the
rounds using the W1/6828 primer, as compared in Figure 17 and Table 2.
Indeed, the use of the modified primer has siguificantly improved the overall
ballistic performance. with the exception of the temperature coefficient of
the breech pressure.
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Figure 17. Comparison of Ignition Delays, tig, Recorded From Gun Firing Tests

3. lffective IInaition of g Proniellina Chbprxe

1e~ed on ,-he above discussions, the effectiveness of propellant ignition
can be evaluated by examining the ignition delay, pressure data and
fl&,nespreading recorded in the simulator diagnostics. To achieve highly
effective ignition, the forward end pressure should closely follow the breech
pressure and their peak values should occur at the same time. This will
eneure a uniform pressure distribution along the propeliant bed. The
coriespouding flau-nircAding should initiate in a wide range in the central
part of the propellant bed and the flame shoL.id quickly reach the rear and
forward ends o* the bed. In addition, the ignition delay should be short, say
less than 50 ms to complete the interior ballistic cycle.

F. Ullaze Effects

Ullage may often appear in a cartridge. It can be caused by the movement
of propellant graias during shipment of the ammunition or by the impact
oecurring during ramming a round into a gun chamber. According to its
geometry, ullage may be categorized into three types as depictEd in Figure
18. 1n the first configuration the ullage appears horizontally along the
propellant bed. In the second and third configurations the ullage appears in
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the corner at the breech eand and at the forward and of the cbhober,
respectively.

The ullage effect for the configuration shown in figure l8b appearing in
a 15-m advanced kinetic energy cartridge has been investigated by CheSn at
al. The result above that an increase in ullage volume increases the the
ignition delay of the g8amulor LOVA propellant, hovever, tends to equalize the
pressure aloeg the propellant bed at least in the early phase of the interior
ballistic cycle. The effect of the ullage shown in Figure 18 has not been
published in the open literature to the knowledge of the present author.
Nevertheless, in the case that ullage occupied the entire cross-section of
the pun chamber at the breech end or at the forward end 1 its aftect as the
formation of pressure waves has been found to be strong.

In the following we present the azparimental results for two rounds in
which tb.a ullage was in the configuration shown in Figure 1ia. In the figure
the prwesure gage P1 we* located right below the ullage while the pressure
gage P2 was way down in the propellant bed. The pressure data obtained are

P2

ýtLLA6E

(b)

(c)

Figure 18. Configurations of Ullasge in Propellant Packed Chamber

6 L.M. Chang, K.P. Resnik, and J.J. Rocchio, "Ignition Studies for Charge

Development for an Advanced Kinetic Energy Cartridge," 23rd JANNAF Combustion
Meeting, CPIA Publication 457, Vol. II, pp. 307-317, Oct 1986.

7 inSo W. May and Albert W. Horst, "Charge Design Considerations and Their
Effect on Pressure Waves in Guns," Interior Ballistics of Guns, edited by
Herman Krier and Martin Summerfield, Vol. 66, Progress ir Astronautics and
Aeronautics, Jun 1978.
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given in Figure 19a. The lower set of the pressure curves presents only part
of the pressure history for the second round duo to gage failure. The data in
both rounds show that P1 rose earlier than P2 by approximately 0.4 as. The
pressure wave initiated by the primer should quickly reach the gage ?I via
the ullege spilte. Since it needed time to pressurise the ullege volumes the
pzqsoure P1 stayed level for a while before rising again. The pressure P3 at
the larvwar end of the chamber reached its peak value, P3 , earlier than Pi
indicating that the rupture of the chamber occurred earlie? in the rteion noir
the forward end than in other sections of the chamber.

In chambers without apparent ullage, as those considered early in
Sections A through D of this report, we have observed that the flame front
advanced to the forward part of the chamber in a pattern nearly normal to the
chamber axis. In chambers with allege as shown in figures IS& and 18,h
however, the advancing pattern is strongly influenced by the geometry of the
ullage. For the configuration shown in Figure I1a, the flamespreading is
shown in Figure 19b which was reprinted from the high-speed film. O the fIla
we observe that flame (believed largely from the primer at this early period)
filled up the entire ullage space above the propellant bed very shortly after
its first appearance., Massive propellant ignition then started and the flame

S. ~FOUMA END
Prop. :LOVA AI-201 BRECH E

1 Prismp: HN -. 5 -
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12 
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Figure 19. Pressure Rise and Flamespreading in Chambers With Ullage
(corresponding to the configuration shown in Figure IBa)
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continued to spread to the forward end primarily via the upper part of the
propellant bed. After covering the entire stagnation region at the forward
end, the flame front headed to the breech end. At this time the propellant
bed had three ignition fronts: one adjacent to the ullage and the other two at
its two ends. The chamber was completely illuminated before rupturing
occurred. The film ahove that the rupture initiated mar the forward ndg,
which is concurrent with the implication of the pressure data presented above.

IV. SUJtAY AND COCLUSIONS

Close correlations between the pressure and the photographic data have
been established based on the pressure histories and the photographic evidence
recorded in the simulator diagnostics. Vith the correlations, the ignition
phenomena occurring during the early phase of the interior ballistic cycle can
be better understood. Ives if only the pressure data are available, the
flamespreading in the propellant bed can be visualised.

The breech pressure peak occurred before or after the projectile pressure
peak would correspondingly indicate that the high pressure region was located
near the breech or near the forward end of the chamber at the time of
rupturing of the chamber. Vhen the pressure data show that the high pressure I
occurred near the breech, the implication is that the flanespreading was slow
and it often had not reached the forward part of the chamber by the time of

rupturing. In other words, the ignition was localized near the breech. On
the other hand, if the high pressure occurred near the forward end, the
implication is that the flamespreading was fast and it had covered the entire
chamber length at the time of rupturing. That means that the ignition process
was very fast and/or an abnormal ignition process was taking place at the
forward end of the chamber due to propellant bed compaction or grain fracture.

In the case that the two pressure peeks at the breech and at the forward
end occurred at about the same time, there are two possibilities for the
pressure distribution along the chamber. One is that a high pressure region
was located at the aid section of the chamber and the other is that the
pressure distribution was uniform along the chamber. This depends on whether

the difference between the two peak pressures is large or small. A small
difference implies a uniform pressure distribution. Vhen the pressure
distribution was unifor& the film shaos that the flamespreading was also
uniform and had covered the entire chamber length at the time that the
chamber ruptured.

To achieve highly effective ignition of a propelling charge, the forward
end pressure should closely follow the breech pressure and their peak values
should occur at the sane time at the instant of chamber rupture. This will
ensure a uniform pressure distribution along the propellant bed. The
corresponding flamespreading should initiate in a wide range near in the
central part of the bed and should quickly reach its rear and forward ends.
In addition, the ignition delay should be short, say less than 50 ms to
complete the interior ballistic cycle.

Gun firing test data as veil as the results of the simulator diagnostics
indicate that the use of the modified primers which have a vented tip and more
vent holes in a small diameter in the body, namely, N83 with E-tip and LEF,
improve the interior ballistic performance of LOVA charges.
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Apparent ullese appearits gifts the top of a propellant bit was ftam to
have a strong influesce on the ignition ptoceos. Through the ullage space the
flame v11ld quickly reach the forward end of the chamber. The ignitlot of
propellant thm occurred at three frouts: one in the Counecttoe with the
ullase ead the other two at the two ends of the propellant bed. the
flasespreediu8 in the- circautreemtisl direetion alaq the chamber is the early
period of the ignition proess became vou-ruifotm. This sight produce an
uneven pressure distribution and thus an unbalanced side force acting es the
circusference of the projectile of terbody.
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