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I. INTRODUCTION

The regenerative liquid propellant gun continues to be of interest to gun
designers both for its potential for increased performance and the lower
vulnerability of liquid propellants compared to solids. Recent research has

indicated increased understanding of the RLP process, and several interior
ballistic models are now available. Although maihematical models hive bee
created for the U.S. gun configurations (Bulman, Coffee, Cushman, Gough ),
the interrelationships between the complex variables associated with the
liquid propellant gun continue to be elusive. Thus, this sensitivity study is
aimed at exploring the relationships expressed in the mathematical modeling of
a hypothetical 120-mm egenerative liquid propellant gun, using the model
developed by T. Coffee at the Ballistic Research Laboratory. The information
gained from this study may also aid in the design of regenerative liquid
propellant guns other than the 120-mm studied here.

The Coffee code is a lumped parameter model of a regenerative liquid
propellant gun, using an annular piston injector as shown in Figure 1.

CONTROL BEFORE FIRING
INNER ROD
SEAL OUTER PRPLATINJECTION

EAL CHAMERN PISTON

x COMBUST ION
lil ClIAMBER

AFTER FIRING

Figure 1. RLP Gun With Annular Piston
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The interior ballistic cycle starts with a primer igniting in the
combustion chamber pressurizing the chamber, forcing the piston back. The
liquid pressure is higher than the combustion chamber pressure due to the
piston area differential between the two regions. Liquid propellant is forced
through the vent created between the piston and the fixed center bolt into the
combustion chamber where it burns, and the resulting pressure pushes the
projectile down the gun tube. In this report the piston area on the
combustion chamber side is referred to as the chamber area while the piston
area on the liquid side is referred to as the liquid area.

II. SENSITIVITY STUDY

1. STANDARD DATA SET

The standard data set for this study was chosen to be the conceptual
120-mm regenerative liquid propellant tank gun with no offset (that is, the
base of the projectile is at the entrance to the bore) using a hypothetical
JA2 propellant and a projectile mass of 7.12 kg as presented in Table 1.

TABLE 1. 120-mm RLP Gun Standard Case Input Data

VARIABLE VALUE

Projectile Weight (kg) 7.12
Projectile Travel (m) 6.3
Piston Weight (kg) 76.66
Liquid Chamber Volume (1) 11.7
Combustion Chamber Volume (1) 5.8452
Liquid Reservoir Area (cm) 2  719.6
Combustion Chrmber Area (cm 916.3
Vent Area (cm ) 81.
Injector Discharge Coefficient 0.75
Shot-Start Pressure (MPa) 34.
Bore Friction 0 to Muz. (MPa) 5.5
Propellant Type: Liquid JA2

2. PROCEDURE OF STUDY

The 120-mm gun was chosen partly in response to a study by Woodley 6 on an
English regenerative liquid propellant gun of the same caliber. Although the
mechanical configuration of the English version is different from its U.S.
counterpart, it was of interest to note the similarities and differences in
the models. This study parallels Woodley 7 by varying parameters by +20%,
+10%, -10%, -20%.

O42



The following ?arameters, including both ballistic parameters and
propellant properLies, were varied one at a time by -20%, -10%, +10%, +20%.

Piston Weight
Projectile Weight
Combustion Chamber Volume
Area of Liquid Reservoir (cross-sectional)
Area of Combustion Chamber (cross-sectional)
Covolume
Vent Area
Shot Start Pressure
Bulk Modulus
Derivative of Bulk Modulus with Pressure
Chemical Energy
Specific Heat Ratio
Density
Discharge Coefficient of Liquid Injector
Discharge Coefficient Chamber to Barrel

In each case the effects on the following performance characteristics
were recorded both absolutely and as percent change.

Muzzle Velocity
Maximum Liquid Pressure
Maximum Combustion Chamber Pressure
Maximum Base Pressure (base of projectile)
Maximum Acceleration
Maximum Piston Travel
Piston Velocity at Impact
Time to Ejection of Projectile
Fraction of Liquid Burned

The complete data appears in Appendix A in table form and in Appendix B
as plots of percentage change in performance vs percentage change in input
parameters. After viewing the data, it was noticed that the maximum liquid
pressure exceeded the stipulated value of 700 MPa in several cases. In an
effort to more nearly approximate realistic conditions and to study a high
performance situation, each case was recomputed with the condition of a fixed
maximum liquid pressure of 700 MPa. The adjustable parameter was taken to be
the vent area which controls the influx of liquid fuel into the combustion
chamber. The effects on performance characteristics were recorded again both
absolutely and as percent change. This data appears in Appendix C.

3



III. RESULTS

1. 120-MM RLP GUN STANDARD CASE RESULTS

The baseline results for the 120-mm RLP gun described above are presented
in Table 2. No piston damping was considered in this model, although damping
is routinely included in actual hardware.

TABLE 2. 120-aim RLP Gun Standard Case Results

VARIABLE VALUE

Muzzle Velocity (m/s) 1925.3
Maximum Liquid Pressure (MPa) 692.8
Maximum Combustion Chamber Pressure (MPa) 494.9
Maximum Base Pressure (MPa) 341.7
Maximum Acceleration (K-G) 54.3
Piston Velocity @ Impact (cm/s) 5140.4

2. EFFECTS ON MUZZLE VELOCITY

The effect of percentage change in piston weight, projectile weight,
liquid volume, liquid area, chamber area and vent area on the percentage
change in muzzle velocity is illustrated in Figure 2. The ballistic parameter
having the greatest impact on muzzle velocity is the chamber area. Although a
negative percent change in chamber area is accompanied by a significant
decrease in muzzle velocity, the effect is less for a positive percent change
in chamber area.

A -20% change in chamber area is associated with a -47% change in muzzle
velocity. Since the chamber to reservoir area ratio (the hydraulic ratio or
hydraulic difference) is not fixed, lower chamber area results in a lower
hydraulic ratio. The effect is a lower reservoir pressure, lower pressure
difference between the chamber and reservoir, and, thus, reduced liquid
injection and lower chamber pressure. On the other hand, a +20% change in
chamber area corresponded to only a 5.69% change in muzzle velocity. Although
the larger chamber area results in increased pressure in the liquid, the
amount of liquid entering the combustion chamber is also controlled by the
vent area which was not changed.

Changes in liquid area mirror results from changes in chamber area
inversely. This result is expected since increased liquid area lowers the
hydraulic ratio, while decreased liquid area raises the hydraulic ratio. The
other major parameters of piston mass, projectile mass, liquid volume, chamber
volume, and vent area affected muzzle velocity in the +-10% range.

4
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Figure 2. Percentage Change in Muzzle Velocity

3. EFFECTS ON MAXIMUM LIQUID PRESSURE

The effect of percentage change in piston weight, projectile weight,

liquid volume, liquid area, chamber area and vent area on the percentage
change in maximum liquid pressure is illustrated in Figure 3. The ballistic

parameters having the greatest impact on maximum liquid pressure were chamber

area and liquid area. This was an expected result since the hydraulic

difference controls piston motion. The effect is dramatic; a -20% change in
chamber area corresponded to a -86% change in maximum liquid pressure while a

+20% change produced a +69% change in maximum liquid pressure. Inversely, a

-20% change in liquid area gave a +86% change in maximum liquid pressure while

a +20% change is associated with a -66% change in maximum liquid pressure.
Other parameters having significant effect were vent area giving changes in

the +-20% range and projectile mass giving changes in the +-10% range.
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Figure 3. Percentage Change in Maximum Liquid Pressure

4. EFFECTS ON MAXIMUM COMBUSTION CHAMBER PRESSURE

The effect of percentage change in piston weight, projectile weight,
liquid volume, liquid area, chamber area and vent area on the percentage
change in maximum combustion chamber pressure is illustrated in Figure 4. The
ballistic parameters having the greatest impact on maximum combustion chamber
pressure were chamber area and liquid area. This was an expected result since
these two parameters are recognized to dominate chamber pressure. A signif-
icant effect is demonstrated; a -20% change in chamber area corresponded to a
-81% change in maximum combustion chamber pressure while a +20% change

produced a +34% change in maximum combustion chamber pressure. Inversely, a
-20% change in liquid area gave a +33% change in maximum combustion chamber
pressure while a +20% change is associated with a -57% change in maximum
combustion chamber pressure. Other parameters having significant effect were
vent area giving changes in the +-20% range and projectile mass giving changes

in the +-10% range.
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5. SUMMARY VARIATIONS

~Table 3 summarizes the major ballistic parameters and the range of

corresponding percentage changes in maximum liquid pressure, maximum

I combustion chamber pressure (gas), and velocity. As already noted, the

~controlling effect of liquid and chamber areas on maximum liquid and

~combustion chamber pressures was expected. The hydraulic ratio increases with

~either increased chamber area or decreased liquid area. Similarly, the

hydraulic ratio decreases with decreased chamber area or increased lquid

area. Vent area controls the amount of fuel entering the combustion chamber

and affects pressures as expected. The volume of liquid propellant has only a

minor effect on the system unless there is not enough available to give

sufficient impetus to the projectile.

It is, perhaps, more interesting o note the changes in projectile

velocity. First, velocity is not substantially affected by projectile (shot)

or piston mass in the range +-20, a fact which be suprsing at first glance.

.i However,

P

i7
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where KE is the kinetic energy and Mp is the mass of the projectile. Also,

KE = % f P dx

if PS increases uniformly by 10%, KE increases by 10%. Since Mp is
increased by 20%,

v 1.2

or, v' - 0.957v. That is, the expected change in velocity for a +20% change

in shot mass is -4.2% for a uniform increase in PS" Since Ps does not

increase uniformly, the expected change in velocity is less than -4.3%, a

value which compares favorably with the results of the study. Secondly,

projectile velocity is most affected by chamber and liquid area changes.

Again, the dominant effect of the ratio of chamber area to liquid area is

illustrated.

6. OTHER PARAMETERS

The other performance characteristics are not addressed in this report

since they are of minor interest. Maximum acceleration parallels maximum base

pressure; maximum piston travel has an upper limit imposed physically by the

gun; projectile ejection time is within a millisecond; the fraction of liquid

burned is 1.0 in all but three cases.

TABLE 3. Summary Of Effects

PMAX PMAX VEL

LP GAS

-20% / +20%

CHAMBER AREA -86/+69 -81/+34 -47/+6

LIQUID AREA +86/-67 +33/-57 +4/-26

VENT AREA -19/+20 -19/+20 -7/+4

SHOT MASS 10/+10 -I0/+I0 +3/-3

PISTON MASS +4/-4 +4/-4 +1/-I

LP VOLUME 1.6/-i 5 l.7/-1 -2,,, .
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A complete listing of all parameters varied recorded both absolutely and
as percentage change along with the corresponding absolute and percentage
change in performance characteristics for the 120-mm regenerative liquid
propellant gun can be found in Appendix A. A visual presentation of the
results in the form of percentage change graphs can be found in Appendix B.
For each parameter varied two graphs are presented:

1) Percentage change in parameter vs. percentage changes in maximum
liquid pressure, maximum combustion chamber pressure, and maximum base
pressure.

2) Percentage change in parameter vs. percentage changes in muzzle
velocity and maximum piston velocity.

IV. CONSTRAINT ON MAXIMUM LIQUID PRESSURE

1. PROCEDURE

In studies of gun systems a common procedure is to fix chamber pressure
and view parameter changes relative to this condition. The analog to the
solid propellant case in the regenerative liquid propellant gun is to fix the
pressure in the liquid reservoir, essentially the breech pressure, and analyze
the effect of parameter changes with a constraint on liquid pressure. Liquid
pressure can be controlled by the vent area, analogous to the web in solid
propellant. A fixed maximum liquid pressure of 700 MPa was chosen for the
120-mm gun described in this report. This constraint should reflect a high
performance regime for the system described. Parameter changes in the +-20%
range were then analyzed with the constraint of a fixed maximum liquid
pressure of 700 MPa, a value controlled by varying vent area. The vent areas
used are given in Table 4.

TABLE 4. Adjusted Vent Areas

PARAMETER PERCENT CHANGE VENT AREA (cm2)

PISTON WEIGHT -20.0 78.5
PISTON WEIGHT -10.0 80.0
PISTON WEIGHT 10.0 83.5
PISTON WEIGHT 20.0 85.3

PROJECTILE WEIGHT -20.0 91 0
PROJECTILE WEIGHT -10.0 86.2
PROJECTILE WEIGHT 10.0 77.97
PROJECTILE WEIGHT 20.0 74.48

9



TABLE 4. Adjusted Vent Areas (Con't)

CHAMBER VOLUME -20.0 77.5
CHAMBER VOLUME -10.0 80.0
CHAMBER VOLUME 10.0 83.6
CHAMBER VOLUME 20.0 85.3

LIQUID VOLUME -20.0 80.5
LIQUID VOLUME -10.0 81.2
LIQUID VOLUME 10.0 82.5
LIQUID VOLUME 20.0 83.1

LIQUID AREA -20.0 41.22
LIQUID AREA -10.0 57.45

LIQUID AREA 10.0 127.1
LIQUID AREA 20.0 NONE

CHAMBER AREA -20.0 NONE
CHAMBER AREA -10.0 139.9
CHAMBER AREA 10.0 59.4
CHAMBER AREA 20.0 47.18

2. RESULTS

Since controlling vent area controls maximum liquid pressure, the
performance characteristic of interest was the muzzle velocity. As pictured
in Figure 5, all liquid and chamber area changes resulted in a decrease in
muzzle velocity except a -10% change in chamber area (or a +10% increase in
liquid area). This may suggest slightly improved performance in the gun
system described by decreasing chamber area 10%. 't is also noted that it was
impossible to reach a maximum liquid pressure of 700 KPa for the -20% chamber
area and +20% liquid area cases. Therefore, the graphs reflect the effect
utilizing the maximum possible liquid pressure. Statistics can be found in
Appendix C.

Changes in chamber volume, liquid volume, piston mass, and projectile mass
relate to changes in muzzle velocity in the +- 5% range. Now, as expected,
lighter projectiles travel faster, and vice versa.

10
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V. DIFFERENTIAL COEFFICIENTS

It may he desirable to approximate expected performance characttristVi-

for percentage changes other than those specifically listed in the appf-nil.

Therefore, the five data points for percentage changes of -201, -010 'i

.10%, +20% were successfully fitted with a fourth degree polynTmii' -2 ..

for interpolation in the rangk, -20% , ,2C) The table below givc- rt,

I:f

I 4- i i " f " : ' - 1 " II . .. ' :



for the coefficients  Ax4+Bx3+Cx2 +Dx+E-0. In all cases E-0 since its value

was on the order 10
"

TABLE 5. Differential Coefficients: Quartic Fit

Variation of: Ax 4  Bx3  Cx2  Dx

Piston Weight with Muzzle Velocity .84 - .06 -.04 -.05

Piston Weight with Max Liquid Pres -.12 -.24 .45 -.20

Piston Weight with Max Com Ch Pres -.08 - .02 .04 -.20

Proj Weight with Muzzle Velocity .35 .35 -.01 -.15

Proj Weight with Max Liquid Pres -.60 .01 -.07 .49

Proj Weight with Max Com Ch Pres .17 .00 -.08 .49

Liquid Vol with Muzzle Velocity -.04 .09 -.24 .04

Liquid Vol with Max Liquid Pres .12 -.24 .01 -.08

Liquid Vol with Max Com Ch Pres .17 .00 .01 -.08

Vent Area with Muzzle Velocity 1.02 .37 -.38 .26

Vent Area with Max Liquid Pres .60 .12 .12 .97

Vent Area with Max Com Ch Pres .25 .12 .13 .98

Liquid area and combustion chamber area parameters did not fit well with
a fourth degree polynomial. Therefore, the points for -20%, -10%, 0% were
fitted with a quadratic function, Ax +Bx+C-0 while the points for 0%, 10%,

20% were fitted with anmher quadratic function. In all cases the constant

was on the order of 10-  and is considered zero.

13



TABLE 6. Differential Coefficients: Quadratic Fit

Case of Case of
-20%,-10%,0% 0%,10%,20%

Variation of: Ax2  Bx Ax2  Bx

Liquid Area with Muzzle Velocity -1.72 -.55 -3.57 -.61

Liquid Area with Max Liquid Pres 2.82 -3.75 1.39 -3.60

Liquid Area with Max Com Ch Pres -3.62 -2.37 -3.16 -2.21

Chamber Area with Muzzle Velocity -11.53 .04 -1.47 .58

Chamber Area with Max Liquid Pres -2.69 3.78 -2.05 3.86

Chamber Area with Max Com Ch Pres -9.22 2.21 -3.78 2.44

VI. CONCLUSIONS

A sensitivity study has been completed using a hypothetical 120-mm
regenerative liquid propellant tank gun. Like its English counterpart, the
model has proven quite insensitive to many parameters. Specifically, for
parameter changes in the range +-20% the model showed changes of less than 2%,
sometimes significantly less, to parameter changes of shot start pressure,
bulk modulus, derivative of bulk modulus with pressure. Although piston mass
changes gave performance changes of the order of +-5% in pressures, change in
muzzle velocity was less than +-l%. Projectile mass changes gave +-10%
changes in pressures, but only +-3% changes in muzzle velocity. As expected,
changes in the cross-sectional area of the liquid reservoir and combustion
chamber yielded the greatest changes in both pressures and muzzle velocity,
+-60% or more. Thus, the system is .triven by the hydraulic difference, the
ratio of chamber area to liquid area, which controls the motion of the piston.
All other parameters are of secondary consideration.

The second part of the study reflected an analog to some studies of solid
propellant gun systems by fixing pressure and viewing parameter changes
under this condition. Thus, maximum liquid pressure was taken to be 700 MPa
and was controlled by varying vent area. Parameter changes in the +-20% range
were analyzed with this constraint. An analysis of the effects on muzzle
velocity indicate higher velocity for this system with a -10% change in
chamber area or a +10% change in liquid area. Other parameter changes have
little effect.

14



Although the study considered parameter changes of only +-20% and +-10%,
a computation of differential coefficients for the changes will enable the
researcher to interpolate expected performance characteristics within this
range. As with any analysis of differential coefficients, extrapolation
outside the +-20% range may not be valid.

In general, results in the +-l% range should always be viewed with some
caution since discretization and round-off error may affect small changes.
Also, piston velocity at impact was taken from a table of incremental time
steps and may not precisely reflect the velocity obtained in the model.
Finally, changes in parameters chosen in this study may not at all times be
reasonable expectations physically.

VII. FURTHER INVESTIGATIONS

Although the sensitivity study provides insight into the regenerative
liquid propellant interior ballistic process gun using the Coffee code, it
would be instructive to compare the results to the other existing regenerative
liquid propellant gun codes to more clearly understand assumptions and
differences in the underlying equations. As data from actual firings of the
gun become available, a cross-checking of expected results with actual results
will serve to further illuminate the underlying theoretical basis for
regenerative liquid propellant guns.

15
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Appendix A

The statistics for parameter change vs. change in performance
characteristics are presented both absolutely and as percentage change.
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Appendix B

A graphic present-cion of the results in Appendix A follows. For each
parameter change two graphs are presented:

1) Percentage change in parameter vs. percentage changes in maximum liquid
pressure, maximum combustion chamber pressure, and maximum base pressure.

2) Percentage change in parameter vs. percentage changes in muzzle velocity

and maximum piston velocity.
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Figure B-lI. Percentage change in area of combustion chamber vs.

Percentage changes in maximum liquid pressure, maximum
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Figure B-15. 'Percenta-ze change in vent area vs. Percentage changes
in maximum liguid Rressure. maximum combustion chamber

pressure, and maximum base pressure.

41

0L



VENT AREA

40.0-

30.0-

o) 20.0-

C

10.

0 00. .. . ... ................

01

'U -20.0- -

N p~ston voL at 6*poct

-30.0-

d.o0.0 20.0
* ~~'. chong. i..' area

* Figure B-16. Percentage change in vent area vs. percentag-e-changes
* in muzzle velocity and Maximum Piston velocity.

42



SHOT SITiRT PR[55URE

2.0-

1.5-
-o0-
L
0g 1.0- max base
C
0

0 .5-
E

LO o.a)-mxLiudp
max comb ch pr

0

-1.5

-00d010.0 20.0
%. change uin pressure
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Figure B-28. Percentage change in specific heat ratio vs. Percentage
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54



DENSITY

30.0-

25.0-

-~20.0-

L 5.0-
C

5.0-
E
L 10.0-

-5.0 max base pr

C -20.0

-25.0

-3 .? I

* 20.0 -10.0 0.0 10.0 20.0
7change IA' densilL

Figure B-29. Percentage change in density vs. percentage changes
* in maximum liquid pressure, maximum comhus tion

chamber pressure, and maximum base pressure.

;10,1,1 L I l l

55w



DENSITY

6.0

0 4.01
m
C
0

~J2.0-

E
L 0.0 ptston veL at LtmpO~

a) -2.0-
C
0

U -4.0

-6.0 muzzLe vol

-0.0
-20.0 -10. .1.0 20.0

% change ridenaLtSj

Figure B-30- Percen~te change in density vs. Percentage changes
in muzzle velocity and maximum Piston velocity,

0r eei



DISCHARGE COEFFICIENT OF LIOUIO

20.0-

15.0

L
o 10.0-0 ---o--
C max LlquLd pr
0
= 5.0 max comb ch pr

E
0L O.O-
L 0 max base pr,-

0 -0.0-

-15.0-
~~~-20.0 ,

-20.0 -10.0 0.0 10.0 20.0
% change 'Ln dLs coef
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Appendix C

The statistics for parameter change with a constraint of 700 MPa on
maximum liquid pressure vs. change in performance characteristics are
presented both absolutely and as percentage change.
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