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k(TC)‘) I. INTRODUCTION

Originallyl proposed by Langveiler,l in the early 1940's, the

(714 traveling charge concopt<E=——4-puloo~;ua%>in a solid propellant

pr

muzzle exit velocities ip the 2-td 3 km/s range without the high breech
pressures (700-1000-MPa)*)required of conventional gun propulsion

de

systems.y Resulting advantagts of velocities of this magnitude have been

scussed by various authors""” and can be summarized as improved
livery range, increased target penetration due to higher kinetic

energy of the projectile, and enhanced hit probability resulting from
the decreased time-of-flight from muzzle to target.

pr
pPr

An idealized description of the fraveling charge e¥fect has been
egented in an earlier work by Smith” and is shown in Figure 1. The

opulsion technique thought by ballisticians tc offer the prospect of l
ocess is in two stages. Ignition of a conventional granular booster

charge is used to rapidly pressurize the chamber and accelerate both the )

pr

attached to the base of the projectile. At some point during this
initial pressurization, usually past the peak pressure due to the

bo
bu
e
Pr

oster charge, the traveling charge is ignited. Subsequent idealized
rning of the TC is tailored to eject combustion products at sufficient
locity so as to maintain constant thrust/pressure on the base of the
ojectile until burnout of the propeilant is achisved. 1In a

conventional gun, high velocities can be achieved by using more

pr

opellant. As the projectile leaves the gun, a considerable amount of

the chemical energy has gone into accelerating the combustion gases.
This causas a large pressure gradient between the chamber and the

Pr
bu
wi
us
ve

ojectile. In the traveling charge concept the TC propellant is

rning such that the gas velocities at muzzle exit are reduced compared
th thc conventional charge. Consequently, less chemical energy is

ed in accelerating the combustion gases. Thus at very high

locities, the traveling charge is expected to be more efficient thar

conventional propelling charges.

by:

In summsry, the idealized traveling charge effect is characterized

a) The attachment to the projectile of a very high burning rate

propellant which travels with the projectile down the tube during
the ballistic avant.

b) Burning of the TC propellant in such a manner as to produce a
constant thrust/pressure on the projectile base.

¢) Deviation from the "normal" pressure gradient which would be
obtainad if all the propesllant, booster and TC, were placad in the"
chamber. The deviation cthould show lower peak chamber pressures
and increased downbore pressures.

ojectile and a vary high burning rate (VHBR) traveling c¢hargs, (TC) i
L]
:
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d) An increase in muzzle velocity over the corresponding
conventional firing where all the propellant is located in the
chamber.

"y TC PROPELLANT
PROJECTILE

b-- -l . TC PRESSURE |

\\J -

~~ S !

—— —
— B\

AFTER TCT IGNITION

Figure 1. Idealized Traveling Charge Combustion®

Since achieving propellant burning to obtain the constant
thrust/pressure on the projectile base required for the idealized TC
scenario is not yet at hand, many realistic questions associated with
the traveling charge concept need to be addressed. Of primary interest
is the identification of parameters, of the gun system and of both the
booster and traveling charge, which have an effect on performance and
hov they can be tailored tc obtain optimized ballistic results. Thus, a
series of parametric calculacions, utilizing the computer code XNOVAKTC,
was performed to determine the offect of several factors which were felt
might fmpact traveling charge performance. The emphasis in all studies
was to determine a set of realistic conditions which could be imposed on
the gun system, a 14-am test fixture. Therefore, idealized conditions
such as ideal burning of the TC, constant pressure/thrust on projectile
base, were not considered. The parameters studied were:




a) Gun chamber geometry
b) TC ignition time/location of TC burnout

¢) TC propellant burn rate

d) Booster propellant geometry

e) Charge-to-mass ratio

In addition, the Ballistic Research Laboratory (BRL) is involved in
an experimental effort to demonstrate the traveling charge concept as a
practical and useful gun propulsion system in a l4-mm bore diameter test
fixture. The results of the parametric studies were, therefore, applied
to the BRL test fixture to determine potential optimal performance.
Computer predictions vere also corrolnged to experimental firings with
results reported in a companion paper.

The purpose of this report is to validate the use of the computer
code XNOVAKTC, summarize findings of the parametric studies, and assess
the applicability of these findings to the BRL traveling charge gun
program.

II. NUMERICAL MESH INDIFFERENCE AND COMPUTER CODE VALIDATION

The computer code selected to model the interior ballistic event
was the XNOVAKTC (XKTIC) code developed by Paul Gough_ Associates. This
code is a_combination of a newer version of the NOVA6 code together with
the BRLTC’ cods. Selection of XKTC was based upon several factors.
First, the code has the capability to model the interior ballistics of
conventicnal and traveling charge guns as well as a combination of
conventional propellant booster and traveling charge guns. Second, the
code includes kinetic options which allow flexibility in investigating
the traveling charge effect. The final factor in selecting XKIC was its
demonstrated accuracy in predicting gun performance, in terms of
pressure profiles, pressure oscillations, and velocity.

In an earlier report.a XKTC'S predictive ability for nmall caliber
systems was demonstrated. In this report we summarize the earlier
results and address the down-bore pressure discrepsncies reported in the
earlier work. Exact details of the experimental setup, which was used
to provide initial input to XKIC, will ngt be presented in this report
but can be found in the companion paper.” However, for reference
purposes, & schematic of the gun fixture showing pressure port locations

iz shown in Figure 2. The fixture is a l4-mm Mann barrel with a total
length of 290 cm.
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Figure 2.

1. NUMERICAL MESH INDIFFERENCE

To determine the numerical dependenca of XKIC 1s a8 function of the
| nueber of mesh points used in the computation the code wis run using tle
| traveling charge option. As mentioned above, the input parametars used
; in the code modeled the l4-mm experimental fixture i{n termc of gun
| geonmetry, projectile mass, and propellant combustion characteristics.

For this study 40 g of booster propellant (non-deterred, unrolled small
arms, ball, Olin X-4179) and 8 g of traveling charge (same thermo-
chenistry as booster) were used in the calculations. Results froa XKTIC
for various number of mesh points are presented in Tzble 1.

TABLE 1. XKTC Results for Differemt Wumber of Meah Points --

Traveling Charge Mode of Operatiom

Wmber of Max Braech Time to Muszle Exit Final Energy Final Meas
Meah Pes. Pressure Hax Breech Velocity Dafect Defect
Pressure
(=) (MPa) (ws) (m/a) ) )
15 437.3 1.217 2303.7 -12.052 =14.272
n 434.0 1.220 20N +3.112 4,042
[} 4344 1.218 2308.7 +0.022 +1.872
S1 434.8 1.227 2307.9 -2.042 ~3.432
7 AN, 0 1.22¢8 2308.) +0.772 +1,87%




As ca: be seen frcm Table 1, the maximua breech pressure and muzzle
exit velocity are almos” identical for the diffurent number of wmesh
points used. However, for 15 mesh poincs large energy and mass defects
are obtained. Using 31 or more mesh points reduces energy and mass
defacts with the best results obtained for 41 or 61 mezh pulate. Based
upon thase results, it appsars that givwn & reasonable nuaber of mesh
points XKIC calculations for this system are mesh independsnt. For the
atudiss performed the mesh size was chosen to be 41.

2. COMPUTER CODE VALTDATION

To determine XKTC's capability to simulate small caliber gun
firings and to validate the code, co:Darisons were made between
expsrisental gun firing results and computer simulations for both a
conventional and a traveling charge gun firing.

To match the experimental counventional gun firing, the XKTC code
vas run in a conventionel gun firing mode. Burn rates for the
prepellant were obtained through closed chamber experiments. The mas:z
of propellant, which was a non-delarred ball (used tu avoid burn rats
uncertainties associated with deterred propellant), was 34 g, and the
projectile wass was 24.6 g. Table 2 chows the final coxpated results
after a sexies of parametric runs which involved varying the shot start
pressure and bore resistance profile. The fival vow of data in the
table presents the differencs betwsen zomputed end sxpsrimentally
resasured preasures and velocities. Overall, the agreement between
experiment and cowputation was ax<ellent, axcept for gage 5. Computed
pressura-time (P/T) profiles from XKTC together with experimental P/T
profiles sre presented in Figure 3. A comparison of the computad and
exparimenta. maximum pressure shows the excellent agreement for maximum
Sreech pressure as indicated in Tablc 2. Differences in the maximunm
downbore pressures range frcm -8.5% o 48 In addition, the timing of
the events (uncovering of gage locations, etc.) ave in close agreement,
vhich supports the velocity agreemert of 0.1%.

TABLE 2. Cosgarison of Predicted XKIC Results and
Experimenie” lesults tor & Comventienal Piring

Gage 1 Gage 3 Gase Y Guge S Gage ? Veloucity
Poax Paax PMaax Pax Zmax Interfercmeter
(MPa) (MPa) (MPa) (NFa) (tPe) (mn/s)

IXTC -- Computed

M1 38 278 (1} 28 1571

Experimsutal -- Conventional Firing (ID 6):

40 323 28 n 20 1570
Difference:
1 13 -8 -8 0 1
5
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PAESSURE(MPA)

TABLE 2, Comparison oi Predicted XXIC Resulta and
Extperimental Tesults for a Conventional Firing (Con't)

Gage 1 Gage 2 Gagna 3 Gage 5 Gage 7 Velocity
Paax Pmax Pmax Poax Pmax Interferameter
(MPa) (MPa) (HPa) (MPa) (MPs) (m/s)

Percent Difference:

.33 43 -23 -8.5% 0z 0.12
400
350 -
300 - age 1
Gage 2
250 Goge 3
. | F*Ga.o )
200 — rGage 7
180 -1
100
50 k
f[
0 - T T T T Y
0 2 4
TIME(MS)

Figuv> 3a. Computed Pregsure-Time Profiles for a

Conventional Gun Fiving
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Figure 3b. Experimental Pressure-Time Profiles for a
Conventional Gun Firing

Based upon the success in matching experimental results for the
conventional zun firing, all input variables, except those pertaining
specifically to the traveling charge and booster charge weights, were
fixed in trying to match the results of the experimental traveling
charge gun firings. A burning rate law (r=bP", where b=30.7 cm/(sec-
MPa) and n=1.05) was used to describe the traveling charge burning. The
values used in the burning rate law were based upon burning times
obtained through closed chamber testing of the VHBR samples which were
used for the traveling charge. Further, the ignition of the the
traveling charge was delayed 1.15 ms after the ignition of the booster
charge. The time delay used for the traveling charge was estimated from
the experimental P/T curves. Table 3 summarizes the computad results
and comparisons with the experimental date.
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TABLE 3. Comparison of Predicted XKIC Results and
Experimental Results for Traveling Charge Firing

Gage 1 Gage 2 Gage 3 Gage 5 Gage 7 Velocity
Prax Pmax Pmax Pmax Pmax Breakscresen
(MPa) (MPa) (MPa) (MPa) (MPa) (m/s)

XKTC ~- Computed:
554 472 820 1] 3t 1782

Experimental -- Traveling Charge (ID 12):

555 458 580 8 &4 1830
Difference:
-1 14 30 -9 -5 152

Percent Difference:
-.22 R 52 -8 -112 8.5%

The P/T curves, both computed and experimental, are shown in Figure
4. As with the conventional case, XKTC results are in reasonable
agreement with experimental results for breech pressure and timing.
However, downbore pressurus and velocity show a larger difference than
for the conventional case.

Although pressure profiles for the breech gage are in close
agreement, downbore pressure histories and velocity show a large
deviation between experiment and computation. Possible explanations for
this discrepancy involve bore resistance, blow-by, or incomplete TC
combustion. It is likely that the bore resistance for the TC case was
substantially larger than for a conventional firing. The TC propellant
holder was 5 cm long and made of thin walled (0.04 cm) aluminum. The
normal forces exerted by the TC burning can easily exceed 100 MPa which
would, in an unconfined situation, rupture the holder. During a gun
firing, the aluminum, instead of rupturing, may be forced out to the
bore surface when the TC ignites creating a very large bore resistance.
Consequently, calculations were carried out in which the bore resistance
profile was increased. It was possible to decrease the calculated
velocity for the traveling charge simulation from 1780 m/s to 1650 m/s
by increasing the bore resistance from 20 MPa to 40 MPa. This brought
the measured and calculated results into closer agreement. Evidence for
a possible bore resistance increase is observed in Figure 5. Plotted in
this figure is velocity versus time for the traveling charge firing,
both calculated (constant bore resistance, 20 MPa) and experimental.
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The curves are the same for the first part of the travel, up to A, The
deviation from A to B may be due to in.reased bore resistance as
described above. This higher resistance would result in both higher
pressure and lower velocity. As mentioned earlier, lower experimental
velocity may also be a result of gas blow-by. Referring to Figure 5, at
B, the data from the interfercmeter was lost due to propellant gas blow-
by, which has been verified by high speed films which show a large flash
of light down bore at the same time that the interferometer signal is
lost. The interferometer signal was recovered at C. Thus, substantial
propellart gas blow-by (B to C) could result in a lowering of the
velocity. The final explanation based on incomplete combustion of the
traveling charge is discussed below.

To demonstrate the effect that the traveling charge can have on the
interior ballistic process, consider the pressure and velocity histories
for ID 44, a successful TC firing, and ID 49, (velocity only) where the
TC did not ignite. These histories are given in Figures 6 and 7
Ignition of the TC is shown as point D in Figure 7. Prior to TC
ignition, the pressures and velocities should be the same for both
firings. Examination of the velocity histories (Figure 7) indicates
that up until the time of maximum chamber pressure the velocities are

VELOCITY

—

16900+ COMPUTATION

14001
1200+
EXPERIMENT
10004

500

VELOCITY (M/S)

400

-

2 3
TIME (MS)
Figure 5. Compaxison of Velocity for Computed and Experimental Results

identical. After this time the TC ignites (point D), and the accel-
eration is substantially increased for ID 44. Thus, ignicion of the
traveling charge results in improved acceleration and velocity without
substantial increases in chamber pressure.
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In simulating the traveling chargs firings using XKTC the same
input data that was utilized in simulating the conventional firings
(booster propellant burn rate, az determined from closed chamber
firings, and the resistance profile, as determined by matching
calculated pressure and velocity histories with experiment) was used.
Only characteristics of the traveling charge were varied to try to match
calculations with experiment. An estimate of the TC ignition was mada
from an examination of the experimental velocity histories.

In the initial set of calculations previously discussed, a
pressure-dependent burn rate law was used to describe the TC combustion.
However, muzzle velocities were consistently larger than experimental
velocities. Therefore, two changes, based upor experimental evidence,
were made in the burning characteristics of the TC. First, since the
calculated velocities were systematically high, it was speculated that
not all of the 9.6 g of TC was burning and contributing energy to
accelerating the projectile. There is sgme experimental evidence for
this hypothesis. Closed chamber firings” have indicated that for this
type of propellant the final pressures are not always identical with
those predicted from thermochemical calculations. This could be due to
incomplete combustion of the formulations. Also, a witness plate in

%0

2004
a
o
=
W a0
=
7]
A
wi
&
o

1004

) i 2 H . i .
TIME (MS)
Figure 6.

Late TC Ignition
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Figure 7.
(44) Late TC Ignition,
(49) No TC Ignition

front of the muzzle for the experimental firings has indicated that a
substantial amount of small particulate matter is being accelerated with
the projectile. This could be interpreted as unburned TC. Thus, a
series of calculations was performed in which the burnt amount of TC,
out of the total of 9.6 g, was varied. Second, closed chamber firings
of a number of TC formulations have indicated that cylindrical samples,
similar to those used in the traveling charge, burn with some form of
deconsolidation rather than in a laminar fashion. Pregsure histories
indicate a decreasing mass generation rate as & function of burn time .10

As a consequence of these two observations, the TC combustion data
used in the computations were altered in the following way. First, the
total amount of TC burned was reduced from 9.6 g to 5.5 g, with the
difference of 4.1 g being added to the projectile mass. Second, a dual
burn rate law was introduced depending on the amount of TC burned,

r(m/s) = 127 (0 to 4.5 g)
r(n/s) = 25.4 (4.5 to 5.5 g).

Thus, the first 4.5 g burned at the rate of 127 m/s and the final 1 g
burned at a rate of 25.4 m/s.

Pressure and velocity histories for the simulation of ID 44 is
shown in Figure 8 and 9. The agreement with the experimental results
(ID 44, Figures 6 and 7) is reasonably good.

12
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I1I. PARAMETRIC INVESTIGATIONS

Since XKTC had demonstrated a reasonable predictive capability for
both conventional and traveling charge gun firings in the small caliber
gun system under atudy, a series of parametric calculations was
performed to determini the effect of several factors which could impact
traveling charge psrformance.

In order to maintain a seat of realistic condicions which could be
imposed on the gun system, ignoring uncertainties such as bore
resistance, the following constraints were observed throughout the
parametric study.

a) The web of the booster propellant was adjusted to produce a
maximum gun pressure within 0.1% of 435 MPa.

b) The combustion characteristics of both the booster and the TC
propellant vere obtained from closed bomb combustion diagnostic
observations. The burn rate law used to describe TC combustion
was r=bP", with b=54.575 cm/(sec-MPa) and n=.95. These values for
the burn rate law are equivalent to those used earlier in matchirg
the TC firings. The exponent was reduced to .95 to incresase
stability of the numerical calculations in XKTC.

¢c) Propellant and projectile massas were those used, or could be
used, in the l4-mm test fixture.

d) Except for the chamber geometry study, the gun dimensions used
in the code were that of the BRL test fixture.

e) No bore resistance or shot start was used.

f) The velocity of TC combustion products, relative to the base
of the TC, was not allowed to excs=d Mach 1. This limitation is
imposed by the equations used in utne XKTC computer model.

1. CHAMBER GEOMETRY STUDY

The purpose of the chamber geometry study was to determine the
effect that chambar length and the amount of chambrage could have on
ballistic performance in the traveling charge context. Chambrage is
dafined, for the purpose of this report, to be the ratio of the aiameter
of the breech face, the rear of the chamber, to the diameter of the gun
tube. The horizontal distance over which ths coning due to the chambrage
extends is referred to as tha taper length. In the study, it was more
convenient to work with the ratio of the tcper langth to the total
chamber length than the amount of chanbrsge. In all instances, the
total chamber volume was fixed at 100 cm”. To maintain this fixed
volune for various values of chambrage the breech face diameter was
adjusted. To illustrate, consider Figure 10. In both the upper and
lower diagram, total chamber length is 50.8 cm. For (a), the length of

14

-




the taper is 10.16 cm and the main chamber lecngth is 40.64 cm; chux the
length of the tager is ./5 of the total chamber length. To mzintain a
voiume of 100 cm”, the breech face diameter ig 1.577 cm. 1In (b), the
taper langth of 30.48 cm represents 3/5 of the total chcwber lenz*h and
regquires a breech face diameter of 1.627 em.

- |4----—------— 10,66 cm T 10.16 cmcl
1 ‘\““-_____..
1.577cm TUBE
L —]

MAIN CHAMBER CHAMBRAGE
50.8 ¢m __;*

a)

T r——-— 2032 cm —-T————:.&l cm —-—U:

1627¢m TUBE

MAIN CHAMBRAGE
CHAMBER

50.8 cum
b}

Figare 10. Vaxving Diapeter for Differing Amounts of Caambrage

A bore diameter, 100 cm’ chamber in the l4-mm gun is 63.5 cm in
length. Tn the study, chamber lengths of 63.5, 50.8, 38.1, 25.4, and
12.7 cm with varying tapar lengths were utilized. In all cases, 40 g of
booster prupellant, with burning characteristic identical to those of
the non-deterred boil used i{n the experimental firings, was used.
Propellant web was adjusted to obtain maximum gun pressures within 0.1
of 435 FPa. The mass of the TC was 8 g, and its ignitiun was delayed
0.5 ms after the attainment of maximum pressure from the burning of the

booster propellant. Resulting velocities for the various configurations
are presented in Table 4.
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TAMLE 4. Veloeity (m/s) for Various Chamber and Taper Lengtdn

CRAMEER LENGTR (M)
.3 LN 8.1 3.4 1.7

0/3 3208 sere  emee  aeee *ere

/s anee a247 a1 e 2301

AT
MA /3 badaink 2248 2170 2313 2301
or
L 33 e 2243 2278 229 2300
RR
T /3 kool 2240 2173 1188 11

8/5 doinid 2245 2272 2207 2301

Since a chamber length of 63.5 cm represents a bore diameter
chamber, no chambrage is possible, hence the missing entries in column
one of Table 4. Also, a shorter chamber having no taper length results
in a chamber with a vertical rise at the tube entrance as shown in
Figure 11. This type of sharp change in geometry represents a
discontinuity, and the code would sither not execute or produce results
in which the energy or mass defects were large.

CHAMBER TUBE

Figure 11. Discontinuity Resulting From Having No Taper length

An examination of Table 4 indicatas that the amount of chambrage or
taper length appsars to have little effect on muzzle velocity for a
given chamber length, the maximum change being 7 m/s within any given
column of the table However, there is s gain in velocity from the
longest chamber, 63.5 cm, to a shorter chamber of 12.7 ca. The gain in
velccity from the longest to the shortest length chamber is approx-
imately 95 m/s, or a percent increase in velocity over the longer
chamber of 4.3%. These observations are supported by an Analysis of
Variance performed on Table 4. The results indicated no significant
difference between rows but a significant difference between columns. A
plot of velocity versus chamber length is shown in Figure 12. Acs can be
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seeati from the graph, the relation betwesen velocity and chamber lenyth is
no: linear, but more nearly a second order fit. Thus, a large portion
of che benefit due to a shorter chamber can be obtained for a small
percentage decrease in chamber length. For example, the gain in
velocity in going from a chamber length of 63.5 cm to 38.1 ca is about
70 n/s of the total 95 m/s difference between the longest and shorteat
chamber length. This represents 74% of the total velocity increase,
70/95, for a 408 decrease in chamber length, 63.5 to 38.1 cma. The
reasons for im voved velocity portoitnnco with decreasing chamber length
are addresse: : a paper by Seigel. To reiterate, these calculations
were carried :... for TC simulation. 81-1115 results have also bean
observed for conventional gun simulations.

VELOCITY VERSUS CHAMBER LENGTH

.89 -

.20 -

.87 -

.88 -

.88 -

24 -

YELOCITY (M.-9)
(Thousands)

.83 =

B2 -

L B T ~T — T T
10 ) 0 80 ]
CRAMBER LRRGTH (CM)

Figure 12. Velocity Versus Chambexr Length
2. TC IGNITION TIME/LOCATION OF TC BURNOUT

TC ignition time refers to the time at which the TC ignites
relative to the start of the ballistic event. For example, an ignition
time of 1.15 ms means that the TC ignites 1.15 ms after the primer is
ignited. Location of TC burnout refers to the position of the projec-
tile in its travel at which the TC has totally burnt out. The two are
considered together since a change in ignition time will affect the
burnout position if the burn rate of the TC is held fixed. 1In the
study, the gun geometry utilized in the code was identical to the l4-mm
experimental gun fixture. Both booster and TC propellant burning
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charactiristics were taken from experimental results; however, booster
mass and geometry were varied to obtain results for a variety of
situations. TC mass in all cases was 8 §g. As before, the web of the
booater propellant was varied so as to maintain maximum gun pressure at
433 MPa. It should be pointed out that the maximum pressure of 435 MPa
is due totally to the booster charge acting on the projectile and 8 g of
traveling charge. If the burning of the TC caused pressures ahove 435
MPa, the wedb of the booster was not adjusted to reduce the pressure, and
the simulation was not considerud in the study. The purpose of the
study was to determine if there was an optimal ignition delay for the TC
to provide the maximum velocity and how sensitive was performance to
variations in the TC ignition delay.

Typical results relating velocity to TC ignition time are presented
in Table 5. For this case, 55 g of ball propellant was used as the
booster propellant and projectile mass was 18 g. Naximum breech
preasure occurred 1.63 ms into the event. TIC ignition times prior to
1.63 ms result in gun pressures exceeding the 435 MPa constraint and
were not considered as stated above.

TABLE 5. - Velocity as a Function of TC Ignition Time

TC Ignition Velocity

Time

(ms) (n/s)
1.63 2256
1.65 2260
1,67 2264
1.7¢ 2274
1.73 2280
1.83 2306
1.93 2332
2.03 2355
2.13 2375
2.23 2400
2.33 2417
2.38 2424
2.39 2421
2.40 2415 TC d4id not
2.43 2396 burn out in
2.53 2332 bore
2.63 2272
2.73 2211

As can be seen from Table 5, as the TC ignition time increases up
to 2.38 ms the velocity increases to 2424 m/s, an increase of 168 m/s
(7.48) over the velocity for TC ignition at 1.63 ms. For TC ignition
times beyond 2.38 ms, the TC did not burn out in bore and the velocity
decreases. Of importance for designing a practical traveling charge gun
system is the sensitivity of velocity changes with TC ignition time.
For instance, in this case the optimal TC ignition time is 2.38 ms. If
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the TC ignition varies by 0.25 ma, velocity decreases significantly.
For example, an ignition time of 2.13 ms produces a velccity of 2375
n/s, which is a drop of 49 wm/s over the optimum 2424 m/s and represents
a loss of 298 of the 168 m/s increase available from adjusting the
ignition time. A delay of 0.23 ms shows an sven greater losc. At an
ignition time of 2.63 ms the velocity is down to 2272 m/s, which
Tepresents an almost total loss of the velocity gain from the ignition
time of 1.63 ms to 2.38 ms,

Figure 13 summarizes the relation of velocity to TC ignition time
for & variety of different propsllant geometrics and charge-to-mass
ratios. No direct comparison between the velocities foY the different
cases should be made due to the different propellant and projectile
masses used in the studies. However, the shape of the curve in each
case is identical. Velocity increases with delayed ignition time up to
a point. This point occurs at an ignition time beyond which all the TC
does not burn out in the bore. That is. for maximum psrformance tha IC
abould burnp out at muzzle axit., For each curve, TC ignition times prior
to those indicated on the graph result in breech pressure axceeding the
435 MPa constraint,

3
2.9 =
X
2.7 -
s ~
- 2.8
S~
h; 24 -
- 8 - C/M = 23
s .3 s(xh Perf
te st - %ﬁ“"33
a 1l Prep.
t8 0 -
[ A4
’ ¢ -
1.9 -
] C/M =10
1Y - W Prop.
1.6 e —— \
1.8 T T T T T T j Y 1 T
 } 1.4 1.0 2.8 2.6 3 3.4

Ignitien Tims of TC (ms)

Figure 13. Valocity Versus TC Ignition Time for a Varjety of Simulatiors

Also, the graphs of Figure 13 can be used to investigate the
sensitivity of performance as a function of TC ignition time relative to
different booster propellant geometries and charge-to-mass ratios. The
slope of the graph, change in velocity divided by change in ignition
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time, is a measure of this sensitivity. As can be saen in Figure 13,
going from a c¢/m of 1 to a ¢/m of 4 for the ball propellant shows a
large increase in slope. Although not shown, for larger c/m's the slope
becomes even greater. However, the slope appears to be insensitive to
changes in the type of booster propellant being used as long as the c/m
remains constant as is illustrated for a ball and single perf propellant
with a ¢/m of 2.3. Thus, the sensitivity of performance to changes in
TC ignition time increases as the charge-to-mass ratio increases.

If the burning rate describing the combustion of the TC remains
fixod, then changing the TC ignition time will change the location in
the travel at which the TC burns out. Thus, invesvigating the effect of
TC ignition time on performance also investigates the performance as a
function of the location of the TC burnout. Figure 14 shows velocity
versus the location of the TC burnout for the case presented earlier in
Table 5. Total travel is 290 cm. It is clear from this graph that as
TC burnout occurs closer to projectile muzzle exit, velocity increases.
As expected, the location of burnout correlates directly to the TC
ignition times listed in Table 5, with the last point of the graph
corresponding to the TC ignition time of 2.38 ms.

As shown by Figures 13 and 14 and Table 5, tailoring the TC ignition
time and the subsequent location of TC burnout can have a gubstantial
effect, on the order of 7.4%8 for the case investigated, on the benefit
to *e derived through the use of traveling charge. It should be pointed
out that the 7.4% represents only the change from the worst to best case
traveling charge simulations and is nct relative to corresponding
conventional gun simulations which are detailed later in this report.

Clearly, not having TC burnout in bore should result in lowered
valocities since additional energy must be expended to accclerate the
parasitic mass, unhurnt TC, attached toc projectile. However, the reason
for improved velocities with TC ignition times resulting in TC burnout
near muzzle exit is not ‘as obvious, since delaying TC ignition means
that the unburnt TC must be accelerated farther down the tube. One
possible explanation is presented in Figure 15. Shown are graphs of
base pressure versus travel for two different traveling charge
simulations with TC burnout at 135 cm (A) and 60 cm (0), respectively.
For both of the graphs there are abrupt drops in pressure, from 200 to
100 MPa for curve O and from 100 to 50 MPa for curve A. The position in
the travel at which the drop begins is approximately the location at
which the TC burned ou*. Thux, burnout of TC in-bore appears to result
in a drop In magnitude of about 508 in the base pressure. The cause for
this drop is that TC burn-out results in a change in directioun of
combustion gas momentum from being directed toward the breach while the
TC 1is burning to toward the nuzzle afrer TC bLurnout. This abrupt change
creates a strong rarefaction wave which appears as a large pressure
érop. Since the energy imparted to the projectile is essentially the
area under the base pressure versus travel curve, more energy will be
delivered to the projectile by avoiding the large drop in base pressure.
That is, a TC ignition time which results in TC burnout near muzzle exit
will increase the energy delivered to the projectile.

20

et -t PP VPRGN RS S Serpap ey e SRS T U ¥:3 T IV UL T WY U Y SR LR E L Vo A e Lt B R ST il el A it




.48
8.4t -
241 -

339 -
.98 -~

.36 -
38 —°
2.3¢ -
233 -
2.38 -
831 -

3 -
29 -
228 -~
827 -
LRSS -

VYELOOITY (M.9)
(Thousands)

BURNOUT LOCATION (CM)
Figure 14. Velocity Versus Location of TC Burnout

400
380 -ﬁ
300 -
~ 280 -
<
g .
g 200 -~
0
[ .
E 150 o
iﬁr,n
3 W
100 3
‘\‘.
A
4 E‘:
30 “
G““J
'l';
0 T T T T T T T T T T T T Y T r;:f
0 40 80 120 160 100 240 280 by
)
KN
(e
TRAVEL (CM) )
Figure 15. Base Pressure Versus Travel for )
JIxaveling Chaxge Simulations 3

21 B




3. TC PROPELLANT BURN RATE

The purpose of this part of the study was to investigate the effect
that changing the TC burn rate would have on performance. In the study,
the coefficient of the burn rate law, r = bP" with b=54.575 cm/(sec-MPa)
and n=.95, used to describe the burning of the TC wes changed to
determine its effect on performance. The TC and booster masses vere
fixed at 8 and 55 grams, respectively. As in earlier studies, the web
of the booster, a ball propellant, was adjusted to maintain the 435 MPa
pressure constraint. Also, based upon the TC ignition time study, the
ignition time cf the TC was varied to obtain TC burnout at muzzle exit,
Thus, in effect, the study investigated ballistic performance relative
to the burning duration of the TC. Would a short rapid TC burn be more

; effective than a slower burn? Results of the study are summarized in
| Table 6. The maximum percent increase in the coefficient, over the

| baseline coefficient of 54.575 cm/(sec-MPa), was 80% to limit the Mach
' number of the TC combustion gases to less than unity.

As can be seen from the table, increasing the burn rate covefficient
does result in increased velocity. However, the gain in velocity is
rather small, only 54 m/s or a percent increase of 2.2% for the 80%
increased coefficient case over the base case where the coefficient was
54.575 cm/(sec-MPa). Percent change in velocity as a function of
percent change in burn rate coefficient for all the cases is shown in
Figure 16. It is important to keep in mind that for the study the
amount of TC was held fixed at 8 g. This is an amount that could be
readily used in the l4-mm test fixture. However, if the TC had a higher
burn rate, then more than 8 g could be used and burnad out before muzzle
exit. However, the potential benefit of a higher TC burning rate which
would accrue from an increased mass of traveling charge to be used in
the system was not addressed.

TABLE 6. Velocity Results for Lhanging Burn Rate Cosfficient Describing
the TC Cambustion

Z Change Burn Rate Max. Mach Length of Velocity

Coetf, Coeff, Mumber TC Burn
() ( om./{sec-MPa)) (-) (om) (m/s)

=10 49.118 0.527 172 2408

0 $4.575 0.581 158 2424
+10 80.033 0.636 143 2434
+20 85.490 0,689 133 2447
+50 81.863 0.847 109 2468
+80 98.235 0.989 101 2478
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Figure 16. Pexrcent Change in Velocity Versus Pexcent Change in the
Burn Rate Coefficient Describing the IC Combustion

4. BOOSTER PROPELLANT GEOMETRY

It is generally accepted that for conventional gun systems the more
progressive the grain geometry the better the resulting performance.
For traveling charge gun systems it was felt that a more degressive
geometry with the resulting earlier attainment of maximum pressure may
be more beneficial. Thus, in this study three different grain
geometries for the booster charge were investigated. The geometiries
were a ball which is a degressive geometry, a single perf with a large
L/D which gives a neutral geometry, and a seven perf granulation which
is a progressive geometry. First, the system, which was identical to
the 1l4-mm test fixture, was optimized as a conventional gun system, by
varying booster propellant mass and web to obtain the maximum velocity
and stay within che constraint of a meximum breech pressure of 435 MPa
for each of the three propellant geomatriss. In the optimization the
mass of the projectile was 26 g. This mass for the projectile was
selected to correspond to the normal 18 g projectile and 8 g of
traveling charge propellant. Thus, the conventional optimization was to
optimize the system for a traveling charge system up to the time at
which the TC was ignited. Results of this optimization are given in
Table 7. Unexpectedly, performance for the single perf granulation was
almost 3% higher than that of the seven pexrf granulation. Similar
results were obtained for a conventional (non-TCislarger caliber system
using essentially the same charge-to-mass ratio. At this time,
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reasons for this result are not known. However, several theories
involving propellant grain drag, grain slivering, and the high charge-
to-mass ratio have been proposed and are under investigation,

TABLE 7, Optimigation as a Conventional Gun System for Different
Propellant Geometries, 28-g Projectile

Propellant Propellant Velocity

Type Mass
) (s) (m/s)
Ball 53 1938
1-Pert 83 2064
7- Pext (.1} 2008

The traveling charge was then introduced for the optimized
conventional cases. Projectile mass was reduced to 18 g and the mass of
the TC was 8 g. Again, due to the result of the TC ignition time study
the ignition times for the TC were adjusted to optimize performance by
having TC burnout close to muzzle exit. Results are given in Table 8.
The inclusion of the traveling charge has resulted in increases of about
500 m/s in all three cases. Relative performance has remained the same
with the single perf again outperforming the ball and seven perf
propellant. Thus, for a fixed mass of TC, the propellant that optimized
the system as a conventional gun also results in optimal performance
vwhen the traveling charge is alloved to burn.

TABLE 8. Velocity Corresponding to Various Booster Propellant
Geametries in TC Gun Systems

Propellant Propellant ¥C Velocity

Type Mass Maas
(=) 3) (s) (m/s)
Ball 55 8 2424
1-Pert &3 ] 2534
7-Pext (1] 8 2487

The belief that a more degressive propellant geometry would yield
better performance was based on the fact that if ths maximum pressure
occurred earlier, then the traveling charge could be ignited at a
carlier time. However, the TC ignition time study showed that the
ignition time of the TC should be adjusted so that TC burnout occurs at
muzzle exit. Thus, the results of Table 8 are not surprising, since for
8 z of TC the ignition is delayed well past the time of maximum
pressure. A fairer test of the effect of different booster geometries
would be to increase the mass of the TC to the maximum amount which
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could be totally burnt before muzzle exit. This case was performed for
the ball and the single perforated granulations. In addition, the burn
rate coefficient of the TC was increased to 98.235 cm/(sec-MPa) which
would allow for the most rapid burning of the TC without violating the
Mach one limitation for TC combustion products. Results are shown in
Table 9. As can be seen performance is virtually identical. All the
benefit of using the more progressive, l-perf, booster geometry has been
overcome by the earlier attainment of maximum pressure of the ball
propellant which allowed for a larger mass of TC to be burnt in-bore.
Thus, it appears that the geometry of the booster charge does not play a
critical role in ultimate traveling charge performance if the amount of
TC is not fixed but allowed to be as much as can be burfit in tube.

TABLE 8. Optimal Velocity for Different Booster Propellant
Geometries with the Maximum Amount of IC

Boostex Booster Traveling Projectile Velocity
Propellant Propellant Charge Masa
Type Mass Mass
) (s) (s) (s) (m/s)
Ball L1 34 18 2804
1-Pezf. 63 20.75 18 2908

5. CHARGE-TO-MASS RATIO FOR 14-MM TEST FIXTURE

As was discussed earlier, the experimental firings to test the
traveling charge concept were to be carried out in a 1l4-mm test fixture.
There was an interest in knowing what were the optimum conditions for
demonstrating the TC effect. For practical reasons, the initial tests
would be done with approximately 8 g of TC. The question is, what is
the best projectile weight to use to show tha TC concept? Thus the
objective was to determine if the benefit of the traveling charge was
dependent on the overall propellant charge-to-projectile mass (c/m)
ratio. A series of comparisons was made to examine the difference in
velocity between conventional and traveling charge simulations as a
function of c¢/m. 1In all cases a ball propellant was used for the
booster charge, and the propellant diameter was varied to obtain a
maximum gun pressure of 435 MPa. For the traveling charge simulations,
40 g of booster and 8 g of TC were used, and the charge mass was
considered to be 48 grams for purposes of computing the charge-to-mass
ratio. Again the ignition time of the TC was varied to force TC burnout
Just at muzzle exit. 1In the conventional calculations two different
masses vere utilized. In the first series of runs, 48 g of propellant _
was used so as to maintain constant energy for the comparison with TC. 4
However, with 48 g of propellant, total burnout before projectile exit
did not occur, and the propellant mass was lowered to 40 g resulting in
total burnout and improved velocity. To obtain the desired charge-to- !
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mass ratio, the mass of the projectile was adjusted. Resulting
velocities for the various configurations are presented in Table 10 and
graphically in Figure 17.

TABLE 10. Velocity for Varying Charge-to-Ness Ratios in Comventionsl
and Traveling Charge Simulations

cn Conventional Conventional Traveling Charge
Prop. Proj. Vel. Prop. Proj. Vel. Prop, IC Proj. Vel.
Meas Mans Mass Mass Maas Mass Mass
{ 3] (3) (w/e) (s) () (m/s) () 8 s (w/s)

1/2 40 80 1185 (1] ] 1185 40
51 40 A0 15N A8 48 1343 40
1 40 20 2012 A8 34 1087 40
31 40 13 2284 A8 18 2220 40
4/1 40 10 a7 48 12 2397 40

] 177
o8 1802
a4 3100
18 2440
12 288l

benefits in increased velocity from using traveling charge improves.
Table 11 summarizes the percentage increase in velocity resulting from
using TC over the conventional case for the same charge-to-mass ratio.
Thus the maximum increase in velocity for the l4-mm system occurs with
the lightest weight projectile that is practical.

TABLE 11. Percentage Increases in Velocity Resulting from Using IC Over
Conventional for Various Charge-to-Mass Ratios

cM™ Velocities Percentage Increase of IC
© Conv.(40g) Conv.(d8g) Over A0 g Conv, Over A8 g Conv.
(m/s) (m/s) (m/e) ) )

1/2 1177 1185 1163 -0.7% +1,02
1/1 1802 1571 1343 +2.02 +3.8%
2/1 2109 2012 1987 +4, 08X +7.22
31 2440 2284 2220 *. . +9.02
471 ase 2470 2397 +8.12 +11.82

According to the theory of traveling charge as proposed by
Langweiler,” the velocity gain of the projectile is obtained by
transfcrrigg kinetic !gorgy from the gas to projectile. Also, according
to Corner”" and Hunt,"” as the charge-to-mass ratio increases the
kinetic energy contained in the propelling gases increases. Thus,
observing an increased benefit from traveling charge as the charge-to-
mass ratio increases is to be expected from the traveling charge theory
as long as the gas intzrnal energy and energy loss remains constant. To
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determine if this indeed was the case for the simulations being
performed, energy balances for the various runs, in terms of percentage
of total energy available, were tabulated and are shown in Table 12.
These calculations were carried out on the l4-mm systcz doscribed in the
srevious section. The energies were determined at the time when tke
projectile was exiting the gun and is the sum of energy from the breech
to the projectile base. The Energy Losses are the heat losses to the
tube walls. The total KE is the sum of gas and projectile kinetic
energies. As can be seen from the table, the sum of the gas internal
ensrgy and energy losses is roughly constant for each of the three basic
propellant configurations, conventional 40 grams, conventional 48 grams,
and traveling charge. Additionally, as the charge-to-mass ratio
increases, the kinetic energy of the gas does increase, from about 5% to
168 of the total energy for conventional results and 2% to 118 for
traveling charge. Therefore, in the traveling charge computations gas
kinetic energy is reduced and the increase in kinetic energy or velocity
of the projectile is obtained by decreasing the kinetic energy of the
propellant gases as predicted by traveling charge theory.
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TARLE 12, Energy Distribution from Conventional snd Traveling Charge Calculations

C/M Internal Gas IEnergy Gas Kinetic Projectile Sum of Gas Percent Gas KE
Energy Loasges Inergy Kinetic Energy Internal and is Of total KE
Losses

(2) (¢ }) (x) ) (£} (2)

Conventional 49 g:

1/2 49.8 19.7 8.0 25.7 0.3 18.3
‘ 171 51.4 18.0 8.1 2.5 60.4 28.5
| 2/1 53.3 16.9 121 18.9 - 69.8 9.8
| M 54.8 15.3 14.5 1.6 60.9 40.2

an 55.3 4.8 16.1 13.8 70.3 s4.2

Conrventional A0 §:

1/3 47.7 20.4 3.3 as.¢ 8.1 16.8
1/1 49.3 18.5 8.6 as.4 8.0 26.9
an 51.6 18.6 12.6 19.2 es.2 3.6
N 52.8 15.7 15.0 16.35 es.5 47.8
ANl 53.8 4.9 16.8 148 8.8 N.2

Traveling Charge - 40 g Boostex, 8 g IC:

/2 5.6 18.0 2.1 26.3 71.8 7.5
/1 54.6 18.7 4.4 243 n.a 7.5
21 33.8 15.4 7.8 1.1 71.3 a6.4
an 57.8 13.9 8.6 18.9 n.s n.?
A/l 57.8 4.0 1.2 17.0 n.s 3.7

IV. OPTIMAL PERFORMANCE FOR 14-MM BRL TEST FIXTURE

Having determined the importance of TC ignition time and burnout
location, it was of interest to investigate the potential benefits which
could be obtained through the use of the traveling charge concept.

Thus, comparisons between optimal performance as a conventional gun
versus the best traveling charge results, as predicted by XKTC, for the
1l4-mm gun fixture were determined (Table 13). The attempt here is
simply to attain the maximum velocity possible from the system given a
propellant type, with its mass and web allowed to vary, under a
constraint of 435 MPa maximum gur pressure (*normal chamber"). In all
computations no bore resistance was included since the actual bore
resistance profile for the l4-mm test fixture is unknown. The “extended
chanber" refers to enlarging the chamber to inciude the volume that
would be occupied by the TC in the traveling charge simulation. Thus,
the "extended chamber" cases are conventional simulations utilizing an
increased chamber volume. The "fixed total energy" case refers to
fixing the mass of propellant used in the conventional simulation to be
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the sane as the total mass used in the best TC simulation, in this
instance 92.75 g (63 + 29.75), and then allowing the propellant web and
chamber volume to vary to obtain optimal velocity. Finally, the "short
tube" calculations refer to reducing projectils travel from 2%00 mm, 200
calibers, to 1450 mm, & more realistic 100 calibers.

Several of the results from Table 13 are worthy of mention. First,
the additional chamber volume resulting from the "extended chamber" has
not resulted in an increase in velocity compared with the "normal
chambexr”. Second, for the "normal chamber" the optimal results are
obtained using a single perforated grain instead of the expected seven
perf. Finally, "traveling charge simulation® predicts (2909 m/s) a
velocity increase of 655 m/s, a 29% increase over the best conventional
case (l-perf, "normal chamber", Table 13) and a velocity increase of 829
/s, & 40% increase, over the "fixed energy" calculation. For the
*short tubu" configuration the calculations predict a 27.3% increase for
traveling charge over conventional charge (2408 vs. 1891).

Table 13, XKIC Optimisation of Experimental 14-mm Gun Fixture

Booater Booster Traveling Charge Projectile Velocity
Type Mass Mass Mass
) 8 (s) () (wm/s)

NORMAL CHAMPER -- CONVENTIONAL FIRING

Ball 53 - 18 2154
1-pert 58 - 18 2254
T-pert 0 - 18 2183

EXTERDED CHAMBER -- CONVENTIONAL FIRING
1-perf 64 - 18 22%
T-part 64 - 13 2102

FIXED TOTAL ENERGY(Optimal Loading Density)
1-pert 92.75 - 18 2080

TRAVELING CHARGE SIMULATION

1-perf (] 20.75 18 2008
SRCRT TUBE
1-pert S8 - 18 1801
1-pezt 83 17 18 2408
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V. CONCLUSIONS

Parametric studiec with the computer code indicate that the
traveling charge concept can offer substantially increased performance
over conventional gun systems when hypervelocity performance is
required. The implementation of the concept, however, requires a light
projectile with a heavy propellant charge (a high c/m) and precise
tiaing of both the ignition and burn outr of the traveling charge
propellant. Specifically,

1) Chanmber geometry can have an effect on performance. Increases
in velocity on the order of 4% can be obtained using a short
chanber versus a longer chamber of the same volusme.

2) The burn rate of the TC, per se, is not a critical factor;
higher burn rates for a given amount of TC produce only a marginal
increase in valocity (2.28 or less) over similar conventional
guns. Burnout of the TC in-bore is crucial, however.

3) The optimal booster to use with TC appears to be the booster
which optimizes the system as a conventional gun if a fixed amount
of TC is used. If the mass of the TC is allowed to be as high as
possible for optimal performance, then the booster propellant
geonetry appears to have little effect.

4) TC can yleld substantial velocity increases (108 to 40%8) over
similar conventional guns depending on ths overall propellant/
projectile charge-to-mass ratio, with a higher overall
charge-to-mass ratio favoring traveling charge.

5) The ignition time of the TC must be tailored to have TC
burnout at muzzle exit. Performance drops off rapidly if burnout
occurs before muzzle exit, or if all the TC does not burn out
before muzzle exit.

The critical importance of the last factor cannot be over
emphasized. The most significant technological hurdle to optimum
TC performance remauins the development of & precise ignition delay
element,
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