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( TC) 1. INTRODUCTION
- b1

O'rigina11yproposed by Langwailer,1 ''in the early 19401s, the
L 7 t traveling charge concepto-..JU*%1s* gwdis a solid propellant

propulsion technique thought by ba listicians to offer the prospect of
muzzle exit velocities io the %-_tY_3 km/s range without the high breech
pressures •tMO41000.Pa-k;required of conventional gun propulsion
systems!. Resulting advantages of velocities of this magnitude have been

•_ i• by various authors13 and can be sumiarizfd as improved
delivery 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.

An idealized description of the traveling charge etfect has been
presented in an earlier work by Smith and is shown in Figure 1. The
process is in two stages. Ignition of a conventional granular booster
charge is used to rapidly pressurize the chamber and accelerate both the
projectile and a very high burning rate (VHBR) traveling cbarge, (TC)
attached to the base of the projectile. At some point during this
initial pressurization, usually past the peak pressure due to the
booster charge, the traveling charge is ignited. Subsequent idealized
burning of the TC is tailored to eject combustion products at sufficient
velocity so as to maintain constant thrust/pressure on the base of the
projectile until burnout of the propellant is achieved. In a
conventional gun, high velocities can be achieved by using more
propellant. As the projectile leaves the gun, a considerable amount of
the chemical energy has gone into accelerating the combustion gases.
This causes a large pressure gradient between the chamber and the
projectile. In the traveling charge concept the TC propellant is
burning such that the gas velocities at muzzle exit are reduced compared
with the conventional charge. Consequently, less chemical energy is
used in accelerating the combustion gases. Thus at very high
velocities, the traveling charge is expected to be more efficient thar,
conventional propelling charges.

In summary, the idealized traveling charge effect is characterized
by:

a) The attachment to the projectile of a very high burning rate
propellant which travels with the projectile down the tube during
the ballistic evnnt.

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

c) Deviation from the "normal" pressure gradient which would be
obtained if all the propellant, booster and TC, were placed in the,
chamber. The deviation should show lower peak chamber pressures
and increased downbore pressures.



d) An increase in muzzle velocity over the corresponding
cowventional firing whore all the propellant is located in the
chamber.

-easC PROUUitNT
" 1 PAOJ3CIT L5

BEFORE TC IGNIrION

. , - rTC PRESSURUI

AFTER TC IGNmON

Figure 1. Idnalized Traveling Charge Combustion4

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
how they can be tailored to obtain optimized ballistic results. Thus, a
series of parametric calculations, utilizing the computer code XNOVAKTC,
was performed to determine the affect of several factors which were felt
might .mpact 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-im 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:

2



a) Gun chamber geometry

b) TC ignition time/location of TC burnout

c) TC propellant burn rate

d) Booster propellant geometry

a) 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 14-m 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 were also correlaged 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 (XKTC) code developed by Paul Gough.Associates. This
code is a combination of a newer version of the NOVA code together with
the BRLTC7 code. Selection of XKTC was based upon several factors.
First, the code has the capability to model the interior ballistics of

conventional 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 XKTC was its
demonstrated accuracy in predicting gun performance, in terms of
pressure profiles, pressure oscillations, and velocity.

In an earlier report, 8 XKTC'S predictive ability for small caliber
systems was demonstrated. In this report we summarize the earlier
results and address the down-bore pressure discrepancies reported in the
earlier work. Exact details of the experimental setup, which was used
to provide initial input to XKT%, will ngt be presented in this report

but can be found in the companion paper. However, for reference
purposes, a schematic of the gun fixture showing pressure port locations
is shown in Figure 2. The fixture is a 14-mr Mann barrel with a total
length of 290 cm.

3I



e.•-304

' Illot

Figure 2. Schematic of Exwerimental Gun Fixture (dLmnsLont in cm)

1. NUMERICAL MESH INDIFFERENCE

To determine the numerical dependence of XKTC in a function of the
number of mesh points used in the computation the code wvs run -sing tl.e
traveling charge option. As mentioned above, the input parameters used
in the code modeled the 14-mr experimental fixture in terms of gun
geometry, 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-
chemistry as booster) vere used in the calculations. Results from XKTC
for various number of mesh points are presented in Table 1.

?TISZ 1. 30C Results for Differ•nt PA•ez of Nash Points -I

Traveling Charge aode ot Operat•icn

Sk.ber of Nz Broeach Tim to asalo. fit Feal hrbeca Finel Wars

Nash its. p ,sure He xbreach Velocity Defeet Defoet
Pressure

(-) (Efh) (me) Wa/)(- )

15 437.3 1.117 2303.7 -12.652 -. 4.272
31 434.0 1.226 2304.3 3.111 44.642

41 434.4 1.216 2306.7 40. 62 +1.671
51 434.8 1227 3307.9 -3.042 -3.432

ft 434. $.226 1304.3 +. 771 +1. 571
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I
As carn be soon from Table 1, the maximum brooch pressure and muzzle

exit velocity are almost identical for the different nember of mesh
points used. However, for 15 mesh points large energy and mass defects
are obtained. Using 31 or more mesh points reduces energy and masn
defects with the best results obtained for 41 or 61 meah points. based
upon thmse results, it appears that given a reasonable number of mesh
points EM calculations for this system are mesh independent. For the
atudiss performed *:he mesh size was chosen to be 41.

2. =CONUTR CODE VALT¶)ATIOff

firings and to validate the code, coaarisons were made between

experimental gun firing results and computer simulations for both a
conventional and a traveling charge gun firing.

To match the experimental couventio.al gun firing, the XKTC codw
was run In a conventional gun firing mode. Burn Lates for the
propellant were obtained through closed chamber experiments. The want.

of propellant, which was a non de, erred ball (used tQ avoid burn rate
uncertainties associated with deterred propellant), was 34 g, and the
projectile %asa was 24.6 S. Table 2 chows the final computed results
after a series of parametric runs which involved varying the shot start
pressure and bore L'eslstdnce profile. The final row of data in the
table pvesents the differenca betwten computed and experimentally
reasured pressures and velocities. Overall, the agreement between
experiment and computation was 4xnellent, except for gage S. Computed
pressur3-time (P/T) profiles from XKTC together with experimental P/T
profiles are vresented in Figure 3. A comparison of the computed and
experimentae. maximna pressure shows the excellent agreement for maximum i
breech pressure as indicated in Table 2. Differences In the maximum
downbore pressures range frum -8.5% to 4% In addition, thu timing of
tht events (uncovering of gage locations, etc.) awe in close agreement,
which supports the velocity agreemert of 0.10.

TAMl~ 1. cowparia" of lPdeated WC• AMMlge ed

iftwimWenf" •u tot a CouvmtlmanL Firng

G•SeI Oqe Oes • ~e ftge 7 VOLAeIty

VlW P1. PMAZ f "i ANX a ata dereter
(Mra) (NPa) ("Pa) (tirs) Or~e) We/)

341 334 175 65 as 1571

fpstimsa*l -- CommUntJal VLZIns (MD 6):
340 us 281 71 is 1570

1 13 -6 -6 0 1
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TABLE 2. Coisparison ot Predicted UKTC Results and

Lqperimental results for a Conventional Firin~g (Can't.)

ones I Gage 2 Go&" 3 Gage 5 Gage 7 Velocity
1IONZ Poles p~mai 1Px Pz !ntmrferameter

(Wea) (IPO) Clre) (Wra) Mea) (0/a)

Percent Differance:

.32 42 -21 -6.52 02 0.12

400

So00 age I

Gage 2

210 - Gage 3

200 -Gage 7

100

0

Figur: 3a. Com~uted Presure-:Time Profilem for a
Conventional Gun Fid~rng
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set-

a •Gage 2

X 256. Gage 3

- Gage 5

S288. Gage 7

CO,

S..

TIME (MS)

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

Based upon the success in matching experimental results for the
conventional tun 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-bPn, where b-30.7 cm/(sec-
HPa) and n-l.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 w&s estimated from
the experimental P/T curves. Table 3 summarizes the computed results
and comparisons with the experimental data.
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TABLE 3. Coqmarison of Predicted 30= Results andW
Ezperimenta. Results lot Traveling Char&e Firing

Gcae 1 Gage 2 Gage 3 Gage 5 Gage 7 Velocity
Pmi Pmne Pma i PIMix Fmm Breakscresr
(Me.) (Wea) (Mea) (Mea) (HFW) (M/s)

XKTC -- Caputed:
554 472 620 69 3C 1782

Experimental -- Traveling Charge (ID 12):

555 458 590 98 44 1630

Difference:

-1 14 30 -9 -5 152

Percent Difference:

-. 22 12 52 -92 -11n 8.52

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 pressures 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 verylarge 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.

8
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700 -
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500 -

"Gage I
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100
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Figure 4a. Comoutee P/T Profiles for a
Traveling Charge Cun Firini
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S0O

e ase I -

-Gage 1

tool -Gage]aGgee
9..

TIME (MS)

Figure 4b. ExDArimental P/T Profi3les for a
Traveling Charge Gun Firiaij
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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 interferometer 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
propellar~t 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

SIs., I:P
1as.] COMPUTATION ---- A

1ýZ: tEXPERIMENT

ilose
A

0,.J
La. SH'

ISO0

TIME (MS)

Figure 5. Comoarison of Velocity for Comouted and Experimental Results

identical. After this time the TC ignites (point D), and the accel-
eration is substantially increased for ID 44. Thus, ignition of the
traveling charge results in improved acceleration and velocity without
substantial increases in chamber pressure.

10
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I
In simulating the traveling charge firings using XKTC the same

input data that was utilized in simulating the conventional firings
(booster propellant burn rate, as 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 wai madi
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 upon 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 s:me 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

391. 3
a
0.

CO,

I.e

TIME (MS)

Figure 6. ID 44. Exnerimental Pressure
1te TC Igntion



,-4

/

0 ID 49

o ~

I-J-
W D

TIME (MS)

Figure 7. Exoerimental Velocity
(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. Pressure histories
indicate a decreasing mass generation rate as a function of burn time. 1 0

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 waii introduced depending on the amount of TC burned,

r(m/s) - 127 (0 to 4.5 g)

r(m/s) - 25.4 (4.5 to 5.5 g).

Thus, the first 4.5 g burned at the rate of 127 i/s and the final 1 g
burned at a rate of 25.4 a/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 I
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Figure 8. Simulation of ID 44 Pressure
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III. PARAMKTRIC INVESTIGATIONS

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

In order to maintain a &at 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 aere obtained from closed bomb combustion diagnostic
observations. The burn rate law used to describe TC combustion
was r-bPn, with b-54.575 cm/(sec-MPa) and n-.95. These values fo'
the burn rate law are equivalent to those used earlier in matchirng
the TC firings. The exponent was reduced to .95 to increase
stability of the numerical calculations in XKTC.

c) Propellant and projectile masses were those used, or could be
used, in the 14-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 excr."d Mach 1. This limitation is
imposed by the equations used in une XKTC computer model.

1. CHAMBER GEOMETRY STUDY

The purpose of the chambei geometry study was to determine the
effect that chamber length and the amount of chambrage could have on
ballistic performance in the traveling charge context. Chambrage is
defined, for the purpose of this report, to be the ratio of the ciiameter
of the breech face, the rear of the chamber, to the diameter of the gun
tube. The horizontal distance over which the coning due to the chambrage
extends is referred to as the taper length. In the study, it was more
convenient to work with the ratio of the taper length to the total
chamber length than the amount of chambrIge. In all instances, the
total chamber volume was fixed at 100 cm . To maintain this fixed
volume 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 I



the taper to 10.16 ca and the main chamber lcngth is 4064 cm; ihut the

length of the ta er is 1/5 of the total chamber length. To mAittain a
violw' of 100 ca , the breech face diameter is 1.577 cm. In (b), the
taper length of 30.48 ca represents 3/5 of the total chraber len•:!h and
requires a breech face diameter of 1,627 cm.

Eu 4064 cm .-.4.6i.. 6cm 1
I.ST7 cmh TU ofe

MAIN CHAMBER CHAMBRA6F
50.8 cmt

20.32 cm , 301t cmt-

.
... 

.................................

1,627 €TUeE

CHAMBER

Fie-are 10. 3ern irg.Diamnster for Differink Amounts of haambraje

A bore diameter, 100 cm3 cham?,er in the 14-.. gun is 63.5 cu in
length. in the study, chamber lengths of 63.5, 50.8, 38.1, 25.4, and
12.7 cm with varying tapmr. lengths were utilized. In all cases, 40 & of
booster propel.lant, with burning characteristic identical to those of
the non-deterred b•Al used in the experimental firings, was used.
Propellant web was adjusted to obtain maximum gun pressures within 0.10
of 435 iPa. The mass of the TC was 8 g, and its ignition was delayed
0.5 mas 4fter 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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Since a chamber length of 63.5 ca 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 either not execute or produce results
in which the energy or mass defects were large.

CHAMBER TUBE

Figure 11. Discontinuity Resulting From Having No Taoer Leneth

An examination of Table 4 indicates that the amount of chambrage or
taper length appears to have little effect on muzzle velocity for a
given chamber length, the maximum change being 7 z/s within any given
column of the table However, there is a gain in velocity from the
longest chamber, 63.5 cm, to a shorter chamber of 12.7 cm. The gain in
velocity 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. A& can be
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seo6 from the graph, the relation between velocity and chamber length in
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 emall
percentage decrease in chamber length. For example, the gain in
velocity in going from a chamber length of 63.5 ca to 38.1 ca in about
70 in/s of the total 95 m/s difference between the longest and shortest
chamber length. This represents 740 of the total velocity increase,
70/95, for a 40% decrease in chamber length, 63.5 to 38.1 ca. The
reasons for in roved velocity perfo Rance with decreasing chamber length
are addresset' a paper by Seigel." To reiterate, these calculations
were carried i.. for TC simulation. Simil 1 1 results have also been
observed for conventional gun simulations. I

VELOCITY VERSUS CBAM•ER LZrGTII

LNw - •LO3-

LU

&3.3
ILM-

LIU

Ll,

5.30

C1A~Asn UMTEl (Cd)

Figure 12. Veloc ty Versus Chamber 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 mas 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. In the
study, the gun geometry utilized in the code was identical to the 14-m
experimental gun fixture. Both booster and TC propellant burning
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charactLristics 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 S. As before, the web of the
booster propellant Yas varied so as to maintain maximum gun pressure at
435 lPa. It should be pointed out that the saximm pressure of 435 NPa
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 above 435

ePa, the web of the booster was not adjusted to reduce the pTessure, and
the simulation was not considered 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.

in Table 5. For this case, 55 g of ball propellant was used as the

booster propellant and projectile mass was 18 g. Maximma breech

pressure occurred 1.63 ma into the event. TC ignition times prior to
1.63 ma result in gun pressures exceeding the 435 NPa constraint and
were not considered as stated above.

TABLE 5. Velocity as a Function of TC Ignition Time

TC Ignition Velocity
Time
(ms) (W/s).. .. ..................

1.63 2256
1.65 2260
1.67 2264
1.70 2274
1.73 2280
1.83 2306

1.93 2332
2.03 23.55

2.13 2375
2.23 2400
2.33 2417
2.38 2424
2.39 2421
2.40 2415 TC did not
2.43 2396 1 burn out in
2.53 2332 r bore
2.63 2272I
2.73 

2211)

As can be seen from Table 5, as the TC ignition time increases up
to 2.38 ma the velocity increases to 2424 i/s, an increase of 168 i/s
(7.4%) over the velocity for TC ignition at 1.63 ms. For TC ignition
times beyond 2.38 mas, 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 ma. If
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the TC ignition varies by 0.25 as, velocity decreases signifi-cantly.
For example, an ignition time of 2.13 as produces a veloc.ty of 2375
n/s, which in a drop of 49 m/s over the optimum 2424 n/s and represents
a loss of 29% of the 168 m/s increase available from adjusting the
ignition time. A delay of 0.25 as shows an even greater loss. At a'n
ignition time of 2.63 mas the velocity is down to 2272 n/a, which
represents an almost total loss of the velocity gain from the Ignition
time of 1.63 us to 2.38 ms.

Figure 13 summarizes the relation of velocity to TC ignition time
for a variety of different propellant geometries and charge-to-mass
ratios. No direct comparison between the velocities fov 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. n or maximun arforuance the TC
should burn out at muzzle exit. For each curve, TC ignition times prior
to those indinated on the graph result in breech pressure exceeding the
435 HPa constzaint.

3.

3.,

3.3 / le0! Prop.
3.6 S•

a..

t8&4

Italtl"t "use ot Y (Me)

Figure 13. V__locitX Versus TC Ignition Time for a Varie&X of -qiAmAUlatoj

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-toomasI ratios. The
slope of tho graph, change in velocity divided by change in ignition
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time, is a measure of this sensitivity. As can be seen in Figure 13,
going from a c/m of 1 to a c/m of 4 for the ball propellant shows a
large increase in slope. Although not shnwn, 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 c/A of 2.3. Thus, the sensitivity of performance to changes in
TC ignition time increases as the charge-to-wass ratio increases.

If the burning rate describing the combustion of the TC remains
fixed, then changing the TC ignition time will change the location in
the travel at which the TC burns out. Thus, inves•gating the effect of
TC ignition time on performance also investigatws 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 ca. 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 as.

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 substantial
effect, on the order of 7.4% for the case investigated, on the benefit
to Ie 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 net relative to corresponding
conventional gun iimulations which are detailed later in this report.

Clearly, not having TC burnout in bore should result in lowered
velocities since additional energy must be expeaded to accelerate the
parasitic mass, unlurnt TC, attached to projectile. 1Lowever, 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 .niburnt 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 vith 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 0 and from 100 to 50 KPa for curve A. The position in
the travel at which the drop begins is approximately the location at
which the TC burned out. Thus, burnout of TC in-bore appears to result
in a drop In magnitude of about 50% in the base pressure. The cause for
this drop is that TC burn-out results in a change in direction of
combustion gas momentum from being directed toward the breach while the
TC is burning to toward the muzzle after TC burnout. This abrupt change
creates a strong rarefaction wave which appears as a large pressure
drop. 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 increane the energy delivered to the projectile.
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3. TC PROPELLNT 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 - bPn 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 were
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 HPa
pressure constraint. Also, based upon the TC ignition time study, the
ignition time of 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 coefficient
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-HPa). 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 14-mm test fixture. However, if the TC had a higher
burn rate, then more than 8 g could be used and burned 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 Snging Surn Rate Coefficient Describing

the TC Cmbustion

Z Change Bum Rate Hax. Mach Length of Velocity

Coeff. Coaff. Nmber TC Sum

C-) ( an./(sec-HPa)) () (a) (=/a)

-10 49.118 0.527 172 2406

0 54.575 0.581 156 2424

+10 80.033 0.636 143 2434
+20 55.490 0.689 133 2447

+50 81.863 0.847 10g 2466

+80 98.235 0.999 101 2478
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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 geometries
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 progress.ve geometry. First, the system, which was identical to
the 14-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 the constraint of a meximum breech pressure of 435 EPa
for each of the three propellant geometries. 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 perf granulation. Similar
results were obtained for a conventional (non-TCJ 3 larger 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.

TAIL! 7. Optimisation as a Conventional Om System for Different

Propellant Geometries, 26-6 Projectile

Propellant Propellant Velocity

Type Mass
(-) (5) (rn/a)

sail 55 1936

l-Perf 63 2664

7-Perf 6 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
tho 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 reaulted 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
when the traveling charge is allowed to burn.

TABUE S. Velocity Corresponding to Various Booster Propellant

Gomehtrios in TC Gnm System.

Propellant Propellant TC Velocity

Type Masa HESS

(-) (a) (a) (u/5)

Ball 55 8 2424

I-Perf 63 8 2534

7-Perf 68 a 2487

The belief that a more degressive propellant geometry would yield
better performance was based on the fact that if the maximum pressure
occurred earlier, then the traveling charge could be ignited at a
oarlier 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 g 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-NPa) 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, 1-perf, booster geometry has been
overcome by the earlier attainment of maximu 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 burit in tube.

TAIZ 9. Optimal Velocity for Different Booster Propellet

Geomtries with the Naxismm Amunt of TC

Booster Booster Trmelin Projectile Velocity

Propellent Propellent ChaSe Hamsa

Type Hasa Hass

(a) Cs) (a) (S) (m/8)

Ball 55 34 1i 2894

1-Perf. 63 29.75 16 2906

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

As was discussed earlier, the experimental firingp to test the
traveling charge concept were to be carried out in a 14-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 the 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. In 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 M1a. 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. In the conventional calculations two different
masses were utilized. In the first series of runs, 48 g of propellant
was used so as to maintain constant energy for the comparison with TC.
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.

AM 10. Velocity for Varying Mazse-to-Iass latios in conofesional

ad TraveLing Cbare imalansma

cIN Crnventionl ao..wmtiana Traveling Chaers

lop. Proj. VoL. Pp. PoJ. Vol. Prop. Tc Pio. Vol.
Mums "age Hise N"s Nmum Nase has

(5) (S) (rn/a) () (8) (a/a) (g) (8) (g) (0/s)

1/2 60 s0 1165 68 96 1165 40 a a 1177

1/1 40 60 1571 66 66 1543 40 a 68 1602
2/1 40 20 2032 46 16 1967 60 6 M6 2109
3/1 60 13 2266 46 16 2220 40 a 1i 2460
6/1 60 10 2479 66 12 2397 60 a 12 2681

As shown by Table 10 and Figure 17, as the c/m increases the
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 14-mm system occurs with
the lightest weight projectile that is practical.

TADBU 11. Percentege Increases in Velocity Reaulting fmr Using TC Over

Convntionmal for Variou Choarge-to-Waas Ration

C/4 Velocities Percentage Increase of TV

TV Coav.(0g4) Vcrnv.(66g) Over 60 a Ccov. Ovler 66 a Cony.
(r/a) (/rn) (ni/) C-) (-)

1/2 1177 1185 1165 -0.7% +1.01

1/1 1602 1571 1563 +a.02 +3.2 G

2/1 2109 2012 1967 +4.61 +7.22
3/1 2440 22U64 220 +6.71 44.92

4/1 2601 2679 2397 #8.1i +11.61

According to the theory of traveling charge as proposed by
Langweiler, the velocity gain of the projectile is obtained by
transferrigg kinetic Igargy 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 internal 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 14-rn systc= doscribed in the
irevi.ous section. The energies were determined at the time when the
projectile was exiting the gun and is the sum of energy from the breech
to the projectile base. The Energy Losses are the heat losse&, 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
energy 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
16% of the total energy for conventional results and 2% to 11i 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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!AILK 12. horgy Distribution tra Comnmetioml mad Trw.ai Charge CalulaetiLms

C/N Internal Gas herly Gas Kinetic Projectle am of OAS Percmet Gas M

hneray Losses hnery Kinetic hresy Internal and Is of total U

Losses

(2) (2) (2) (2) (2) (2)

Cowintlmial 46 S:

1/2 49.6 10.7 5.0 25.7 W.3 16.3

1/1 51.4 18.0 6.1 22.5 69.4 26.3
3/1 52.3 16.3 22.1 18.2 60.6 29.6

3/1 54.6 15.3 14.5 15.6 60.0 40.2

4/1 55.5 14.8 16.1 13.6 70.3 54.2

Convntional 40 a:

1/2 47.7 20.4 5.3 26.6 68.1 16.6

1/1 49.5 18.5 8.6 23.4 68.0 26.9

2/1 51.6 16.6 12.6 19.2 68.2 39.6

3/1 52.8 15.7 15.0 16.5 66.5 47.6

4/1 53.0 14.9 16.6 14.6 64.4 53.2

Traveling Charge - 40 & Booster, 8 & TC:

1/2 52.6 16.0 2.1 26.3 71.6 7.5

1/1 54.6 16.7 4.4 24.3 71.3 V7.5

2/1 55.9 15.4 7.6 21.1 71.3 26.4

3/1 57.6 13.9 9.6 18.9 71.5 33.7

4/1 57.8 14.0 11.2 17.0 71.8 39.7

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
14-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 gun pressure (Onormal chamber"). In all
computations no bore resistance was included ,ince the actual bore
resistance profile for the 14-mm test fixture is%-ur'unown. The "extended
chamber" refers to enlarging the chamber to Include 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 beat 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 projectile travel from 2900 m, 200
calibers, to 1450 m, a more realistic 100 calibers.

Several of the results from Table 13 are worthy of mention. First,
the additional chamber volume resulting from the "extunded chamber" has
not resulted in an increase in velocity compared with the "normal
chamber". 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 a/s) a
velocity increase of 655 n/s, a 29% increase over the best conventional
case (1-perf, "normal chamber", Table 13) and a velocity increase of 829
i/s, a 40% increase, over the "fixed energy" calculation. For the
"short tube" configuration the calculations predict a 27.3% increase for
traveling charge over conventional charge (2408 vs. 1891).

Table 13. XKTC Optlistaetian ot Kmpapemtal 1Wi Gun FVitmre

Booster Booster Traveling •arSe Prtoj•otile VeLocity

TYpe Has$ Mass Hus
(-) (a) (a) (a) MWa)

NOMAL C3MBM -- CWNTICAL FIRlN
Ball. 53 -Is 2154

1-perf 58 - 1i 2254

7-perf 60 s18 213

RUCTEVD CBI -- CONVENTIOL FUiM
1-peer 64 1i 2239

?-part 64 s1 2192

FIXED TOTAL DIUO!(Optlinal Loading Density)
I-pert 92.75 s1 l0og

23AVELINfAG 8MDR.ATIO

I-per! 63 29.75 16 2909

SWT TUBE
-per!f so - 13 1691

lp-erf 63 17 16 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/u) and precise
timing of both the ignition and burn out of the traveling charge
propellant. Specifically,

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

2) The burn rate of the TC, per so, is not a critical factor;
higher burn rates for a given amount of TC produce only a marginal
increase in velocity (2.2% 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
geometry appears to have little effect.

4) TC can yield substantial velocity increases (10% to 40%) over
sAmilar conventional guns depending on the 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 remains the development of a. precise ignition delay
element.
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