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y I. INTRODUCTION

In this paper we derive the governing equations for a lumped parameter

fﬁ- model of a regenerative liquid propellant gun and discuss the numerical
0y
o?? implementation. Morrison et. al. have covered the background and possible
-i; applications of liquid propellant guns.l Here the emphasis is on the
;W derivation of a numerical model.
Wl )
[’ i N : 2
:\n For solid propellant guns, there is a wide range of models.
L}
20; Precomputer models involved approximations that allowed an analytic,
e closed-form solution, or else a simple numerical solution leading to
My
Qh: tables. The advent of computers allowed the direct numerical solution of
3. ordinary differential equations describing the interior ballistics on a case
N
.} by case basis., More recently, one-dimensional and even two~dimensional
.f models have been developed, involving the solution of partial differential
:§§ equations. All of these procedures can give accurate results. The choice
i:% of a model depends on the detail desired in the solution.
A5
k.
For regenerative liquid propellant guns, much less work has been
”: done. Pagan and 1zod3 have developed an ordinary differential equation
;E model. This code assumes a particular type of regenerative gun, and has a
b rather complicated model for the liquid injection into the combustion
i,‘ chamber. Cushman® has written a model that has been extensively used at
&
‘tJ General Electric. The model normally used at the BRL 1s due to Paul
‘.l
L
?l.!
ly.F. Morrison, J.D. Knapton, and G. Klingenberg, “Liquid Propellants for
., Gun Applications,” Proceedings of the Seventh International Symposium on
A . Ballistics, The Hague, The Netherlands, April, 1983.
. ]
\

& 2p,G. Baer, "Practical Interior Ballistic Analysis of Guns,”™ Progress in
2 Astronautics and Aeronautics, Interior Ballistics of Guns, (H. Krier and M.
Summerfield, ed.), Vol 66, 1979.

o 3G. Pagan and D.C.A. Izod, "Regenerative Liquid Propellant Gun Modelling,"
Proceedings of the Seventh International Symposium on Ballistics, The Hague,
The Netherlands, April, 1983,

4p.G. Cushman, "Regenerative Liquid Propellant Gun Simulation User's
Manual,” GE Report 84-POD-004, December, 1983.
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Gough.5 This code uses a lumped parameter representation (ordinary
differential equations) for the liquid reservoir and combustion chamber.
The gun tube is represented by partial differential equations. This code

has a number of options, including a traveling charge projectile. Since

"both the design of the regenerative liquid gun and the assumptions made in

the model are under development, additional options are periodically added

to the code.

The purpose of this report is twofold. First we develop a complete
lumped parameter code (only ordinary differential equations) to describe the
regenerative liquid propellant gun. This code is not as general as that
developed by Gough. However, it runs much faster, which allows parametric
studies to be made easily. Also, the code is written as far as possible in
a modular form. Additional options can be added with a minimum amount of
effort. As new gun designs are developed, or new assumptions about the

behavior in the gun are tried, these can be tested fairly easily.

II1. THE REGENERATIVE LIQUID PROPELLANT GUN

Figs. 1 and 2 show regenerative liquid propellant guns with an in-line
piston. Another possible design is the reverse annular gun, where the
piston is wrapped around the barrel and moves in the direction of the
muzzle.5 The reverse annular gun includes an intermediate combustion
chamber. While we will only consider in-line pistons, in order to be
consistent with the notation used by Gough, the regions of the gun will be

denoted as regions 1, 3, and 4.

Region 1 is the liquid propellant reservoir. The monopropellant is
pumped into the reservoir at the beginning of the firing cycle. A primer is
ignited in the combustion chamber (region 3). As the chamber is

pressurized, the piston is forced back. Because of the piston area

3p.s. Gough, "A Model of the Interior Ballistics of Hybrid Liquid-Propellant
Guns,” Final Report, Contract DAAK1]1-82-C-0154, PGA-TR-83-4, September
1983.
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:ﬁg differential between the two regions, the liquid pressure is higher than the
1"—'-'7 combustion chamber pressure. So liquid propellant is forced through

0 ‘ac circular holes in the piston face, and ignites and burns in the combustion
R3ET chamber. Eventually, the pressure pushes the projectile down the gun tube
‘i'.' (region 4).

o }

*i ’ In most problems involving liquids, the liquid can be considered

:5 i incompressible. Because of the high pressures in a gun, this is not a good
g approximation, and the compressibility of the liquid propellant will be

’ g considered.

R

::‘ ‘-\ In the gun, it is possible that gas from the combustion chamber can be
P _» forced into the liquid chamber. This is most likely to occur at early

‘.49“ times, when the primer causes the initial pressure rise in the combustion
‘; ’ chamber. Because of the inertia of the piston, there may be a delay before
g‘ the liquid pressure also rises. The modeling of bubbles in a compressible
. ;} liquid is complicated, so we will assume that there is no mass flow into
Kol region 1. 1In the experimental fixture grease is used to block the holes so
% ' that flow into the liquid reservoir is less likely.

95

:' The orifice flow through the vents in the piston is quite

complicated. Here we assume that the piston face is infinitely thin, and

' ignore the behavior in the orifice. The mass of.the piston wi e
I i he behavi i h ifi h f.th i i1l b
7N considered.
DALY, . . . . : 6 7
4‘.';'- The piston design considered here was used in early test fixtures,
»
e but is not convenient for actual guns. Since the vent holes must be plugged
:* before each shot, rapid fire is impossible. Other piston designs will be
oo
J::.‘__. considered below.
i
Ry
(} )
#‘ 6W.F. Morrison, M.J. Bulman, P.G. Baer, and C.F. Banz, "The Interior
i Ballistics of Regenerative Liquid Propellant Guns,” 1984 JANNAF Propulsion
:., ' Meeting, New Orleans, LA, CPIA Publication 390, February, 1984.
¥ .‘l‘
”-Q;T- 7p.G. Baer » C.F, Banz, I.W. May and W.F, Morrison, "A Propulsion System
URY Comparison Study for the 120-MM Anti~-Armor Cannon,” 1984 JANNAF Propulsion
::;:"' Meeting, New Orleans, LA, CPIA Publication 390, February, 1984.
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The behavior in the combustion chamber is very complicated. A primer

is ignited in the chamber, leading to a gradual pressure rise. Liquid jets
are forced out of the vent holes. These jets may break up into droplets
because of hydrodynamic forces between the gas and the liquid or due to
impact on the wall of the chamber. The droplets formed may break up further
or coalesce. The propellant will eventually ignite, and may burn as
individual droplets or as an envelope flame. These processes are not well
understood at low pressure, and essentially no work has been done at gun

pressures. Therefore, simplifying assumptions are necessary.

As a first approximation, we assume that the liquid burns instan-
taneously as soon as it enters the combustion chamber, releasing all its

energy. The combustion chamber is treated as a homogeneous region.

The primer is assumed to be the same liquid as the propellant.
Normally the combustion of the primer is not followed in detail. Instead
the initial pressure in the combustion chamber is an input parameter. Then
the amount of propellant needed to produce this pressure is calculated, and
this is taken as the mass of the primer. The piston and projectile are not
allowed to move during the burning of the primer. Later a somewhat more

complicated primer option will be discussed.

There is some evidence that liquid accumulates in the combustion
chamber at the beginning of the firing cycle, which changes the behavior of
the pressure rise. Later we introduce finite burning rates for the liquid
propellant, in an attempt to model, at least crudely, the effects of

possible propellant accumulation.,

Last, we have the behavior in the gun tube itself. 1In the Gough code,
this region is modeled by one~-dimensional partial differential equations.
This is necessary because of the traveling charge option included in this

code. We will consider this region as a lumped parameter region, using the

14
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iEH Lagrange pressure distribution. This has been successfully used to model
R the behavior of solid propellant guns.8

a',“"

:a Below, we derive the governing equations for the simple lumped

;ki parameter model just described. Later, additional options will be

)

% considered.

Y

) _

*'5: I1I. GOVERNING EQUATIONS

R

s With the above assumptions, the regenerative gun behavior can be

e modeled by 13 ordinary differential equations ([1] to [13]).

‘ <

‘o

’.\f The equations governing the piston motion can be derived simply. Let
, V) be the volume of the fuel chamber, and A} be the area of the fuel side of
t:: the piston (this area includes the vent holes). Let Vio be the initial
fﬁ: volume of the liquid chamber. Let Sps be the piston travel (to the left)
v and Vps be the piston velocity. Then

f%: V1= V1~ Sps Ay e (1)
e
¥

“r: Taking the derivative,

Y

W

-

Lt av
& 1.

g

5

e The acceleration of the piston equals the force on the piston divided
?" by the mass of the piston, that is
oal
WA

N
o

8;. Corner, Theory of the Interior Ballistics of Guns, Wiley, New York,
1950.
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R
| v dv s 8o
53 (2] 525 =5 Ipyay - A) - p) (A - AD], (3)
17 ps
A
R~ "
h_,\_
‘J where A; is the area of the combustion side of the piston, A, is the area of .
e the vent holes, Py is the pressure in the liquid chamber, P3 is the pressure
T
-(; in the combustion chamber, and Mps is the mass of the piston. The quantity
.f g = 107 gn/s-cm-MPa is a conversion constant to put the acceleration in the
Toio! desired units of cmz/s. By assumption, the pressures are constant
W throughout the two chambers. Then the equation governing the piston travel
e
.-‘-ﬁ is
Oty
o
ds_
) [3] _Ldt = Vps . (4)
:
Q't
- As the piston moves to the left, liquid propellant is forced through
g;" the vent holes. This is governed by Bernoulli's equation9
)
150
D4
13
W,
‘ o— . vloy?
. 3 1 3 1
o + 3 =0 (5)
e 1
e
S
)
N0 , . . . . .
“‘j where G is the density of the propellant in region 1, v, is the velocity
_ﬁ;,'\, of the fluid on the liquid side, and v, is the velocity of the injected
""'5 fluid on the combustion chamber side of the piston. In using this equation, i
‘!.::."j the flow in the orifices is assumed to be frictionless incompressible
flow. The potential energy due to height differences has been left out of -
v the equation.
3
AN
e
v
»
Y
R
1»"':; .F. Hughes and J.A. Brighton, Fluid Dynamics, Schaum's Qutline Series,
}:,.,’ McGraw-Hill, New York, 1967.
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Since the liquid in region 1 is a homogeneous mixture, we take v, to be

zero. Eq. (5) can be rewritten as

The mass flow rate through the orifices, denoted by 513, equals plv3Av .
There is usually some narrowing or constriction of the jet. This is taken

into account by introducing a discharge coefficient CD. Then

o= Cy A, /28 0 (Pp = P3) s P> Py (7)

=0 P, < Py -

For short circular orifices at atmospheric pressure, the discharge
coefficient should be about 0.61 to 0.63.10 The orifices are plugged at the
beginning of the firing cycle, so that gas will not be forced into region

l. So the mass flux is set to zero if P < P3e

Now let M1 be the mass of the liquid in region 1. By conservation of

mass,

.
ol &
ot =

= - 613 . (8)

The mass is equal to the density times the volume of region ]. Rearranging

eq. (8),

1°w. Kaufman, Fluid Mechanics, McGraw-Hill, New York, 1963.
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180 .
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' 4l =z ="y &"~ v (%)
) l 1
u‘.;
e,
Y
;;*3 This equation becomes singular as the volume approaches zero. This problem
.
RN will be discussed below in the section on the numerical solution of the J
;2sjw equations.
poge -
": ‘u <
Q\Q; The bulk modulus K of a compressible fluid is defined byll
B WL )
l.l “l
:al;\ p Efl =K (10)
o] 1\3p, |T ’
ey
A

where the subscript T indicates that the derivative is evaluated with the
temperature constant. The liquid is assumed to be isothermal. The bulk

modulus does vary with pressure. For lack of better information, we assume

. a simple linear form

D
-

K= Kl + KZ Py (11)

- . i e
[

-~

2 «‘;\,

AR,

Combining eq. (10) and (11), and solving for p;,

2.

i

K,
P, = [(k°1) - KII/K

's
-‘ l‘

¥
x

(12)

PR Y T LA R

2 ?

where k is a constant. Let Py be the density at p=0. Usually the density

is known at p = 1 atm., but compared to gun pressure ranges l atm. is

A

Py XeTa
SRR
L

TR
_ . "1.

essentially zero. Then solving for k and substituting into eq. (12)

p K
(—l) 2 1. (13)
po

llR.w. Fox and A.T. McDonald, Introduction to Fluid Mechanics, 2nd ed.,
John Wiley and Sons, NY, 1978.
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Taking derivatives,

N
.;':' ifl = I 2 ffl (14)
4' dt Py o, dt
o
L
:r and combining eq. (11) and (13) this can be rewritten as
Y
:
) dp dp
, it WD S (15)
' dt P dt
e
o)
‘ This can be expressed in terms of the speed of sound in the liquid C1» which
b
\ﬁ is given by12
- (apl )
i c, =V g |—= (16)
. 1 °\3p; /g
\ or
c = /g, Kip) - (17)
i
)
U
?ﬁ Then eq. (15) becomes
ol
ﬁ'
¢ 2
o dp1 ¢ dp1
T
o3
1
'w Now consider the combustion chamber. By analogy with eq. [1],
S
“'\.“;
'.';‘
',
12y, Band, Introduction to Mathematical Physics, D. Van Nostrand Company,
Princeton, NJ., 1960.
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[6] - =V A . (19)

3 o o
T I S VAR (20)
where 534 is the mass flux from region 3 to region 4. It follows that
e T Tl O Tl 1)
dt v, dt vy ’

Finally, we need an equation for the pressure in region 3. This will

be based on the Noble-Abel equation of state8

where T3 is the temperature in region 3, R is the universal gas constant, W
is the molecular weight of the gas, and b is the covolume. This can also be

written as

Py = 93(7 -1 e, T3/(l - p3b) , (23)

where ¢, is the specific heat at constant volume and y is the specific heat

racio cp/cv. It will again be useful to determine the speed of sound8
C,=v g | == (24)
3 ° ap3 s
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p 2] 2
5 :, where s is the entropy. Taking the partial derivative of eq. (23), after
’
_$ = some algebra
{
"
SONE
": »
B "‘:T" _a-pé = ————Zga :
) ’
v"‘l
iy 13
3': ) where we have used the fact that
et
1thal
" () - ety o
SN 303 )s 31 = p3b)
'.‘\;-t‘
0
! i}f Combining eq. (24) and (25) results in
3
f’t
. g YP
*}ﬁ c. = —9__3 (27)
The energy equation for a homogeneous gas can be written aslé
: dT, (3lnv 30
3 (-3 3
s P3 ¢p Tdt ‘<31n-r3>p3 5t T 53 | (28)
A
W
1
s
}%21 where the spatial terms and the viscosity have been ignored. The quantity
Vi V= 1/p3. Using the Noble~Abel equation,

l‘l oo
. .

S
j,:
R

-
.

-
.

\ 3lnv,
.F m‘; b, =] - bD3 ’ (29)
TS
(b 3
té}: 136.x. Lewis and M. Randall, Thermodynamics, McGraw-Hill, New York, 1961}.
1004 14R.B. Bird and W.E. Stewart, Transport Phenomena, John Wiley and Sons, New
»
T York, 1960.
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.: and eq. (28) becomes
o
NI 3T3 dp3
Bl D3Cp 3t (l'b)"-+53- (30)
o :
1, ™
",o
; j, The source term S3 is due to the energy release when the liquid
At combusts. In general,
. ]
)
e
e = -
LN S3 2hi R, Mi (31)
D ‘.‘
e
.-'_:; where h; is the enthalpy of the quantity i, R; is the rate of production of
i‘c_., the quantity i, and M; is the mass of the quantity i. The rate of
f_ production of gas in region 3 is ml3/v3, since the liquid combusts
:.‘\ instantaneously when it enters the combustion chamber. The outflow is
3:‘;\‘ irrelevant since it does not cause a change in enthalpy.
7l

Again from the Noble—Abel equation,

AR

;k dT dp p, dp

: R R A - 333

5:‘ GRS e T Q1 bp3) It s rrall B (32)

DA

78

J ::,, Substituting into eq. (28) and doing the algebra

a’ L)

4 =

L. 2 .

xit: (8] ffé = Eé- gfg + ml3(hl _ h3)(Y N m,, >0 . (33)

e _ dt g, dt V3 - bM3 34

3Ny

A8y

ot Normally, gas will flow from the combustion chamber into the gun
'h

2';:"_ tube. But if the gas flow from region 3 to region 4 (5134) is negative,

:.’ there will be an additional source term. In this case

e,

[ 2]

Y

D
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N
k3
n
"

*V
b

%
.;‘" d 2 » h

[8] -1.).2 = ié_ 993 + m13( 1 _ h3)(Y - b o <0

g dt g dt vV, - bM 34
'7-( o] 3 3
A
‘:.(
'-‘.‘\L
e - Vy = b : (34)
4
N . 3
1y ‘
Y
W The enthalpy of the liquid is given by

Y

o h) =e + pl/pl R (35)
o

o

v where e is the chemical energy of the liquid. This is obtainea from closed

A )
'

P T S
LIRS

bomb tests. The enthalpy of the gas is given by

P ki al ]

S

h3 =c, T3 + p3/p3 = cp T3 + bp3 . (36)

p N e
PR o

a
)

Finally, we consider the gun tube (region 4). The volume has the

> qi i
-y
- —l“

standard equation

19k

P
=
>
'

-
a.
<

'

4 4

b 191 3g= = Vpy 4 (37)
"T

o where ij is the velocity of the projectile and A4 is the area of the gun

‘All'
gty

tube. To model this as a lumped parameter region, we assume a Lagrange
pressure distribution.8 That is, the density 1is constant with respect to

space. Assuming that the gas velocity at the gun tube entrance is zero, it

l. i..
4. .
ﬁjo follows that the gas velocity is a linear function of distance. Since there
4
\ﬁ- is a mass flow into the gun tube, this is not strictly correct. However,
\ -
; the derivation with a velocity at the entrance is much more complicated, and
R the standard Lagrange distribution is used as a first approximation. This
o<
s leads to
B .
I 23
v,
L
T,
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B
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g8
kL. ™
e (x) = "y x )\
o8 P(x) = pp + (pp = Prg) T - ! 7 [ (38)
N - P] R
L9
{2% where Xp is the distance from the tube entrance to the base of the
;ﬁi‘ projectile. Integrating over the tube length, i
1
9
s
WN : M M
LS = UL 4 ]
N Py = PR\ * 3M )" Prs | (39)
LO0N Pj pJ
J;‘ N‘
5}}k where P, is the average pressure in the tube. This can be rearranged as
33
‘r::-'-.
2
- +

® i _ Pa* Prs Ma/ (Mpy) > (40)
e PRETFH703M_L) PR 7 Pgs
i 4 Pi
. ::w

s 3
o’ : where PR is the pressure at the right end of the gun tube (base of the

A projectile), M, is the mass of the gas in the tube, ij is the mass of the
I"i‘ projectile, and Prs is the resistance pressure. The latter is an input

el
‘tﬁ; parametev, which takes into account the shot start engraving force and

" frictional forces between the projectile and the bore. The pressure at the
Yue gun tube entrance is

M4 M

4
pls = + m——— |- ——— .
: P = Pri{l * M - |” Prs TW_, PR > Pgs (41)

-g PJ PJ
LA
h%::- 4

‘s-“
iii' The above two equations assume that the projectile has started to move,
{?“ creating a pressure differential. If the projectile has not moved, then

o region 4 is treated as just an extension of region 3, that is,
'-.::'-::

e
A
PR = = = .
..vl:..j Pl‘ PR PL P3 (42)
“~
¥y
o .
:::. Given the pressure on the projectile, the acceleration equation is
"-'_..
e 24
) J’p
4
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,. [10] (P RS) A4 go/Mpj PR > PRS (43)
-

Ca =

< 0 Pr < Prs .

3

\

;z The projectile travel spj is then given by

s

- !

‘ (11} it = Vpy - (44)
g

:3 The final two differential equations are exactly analogous to region 3.

L That is,

4

N dp p, dv 0

> b4 4 4 34

2 [12] 3% v, dt TV (45)
Ky 4 4

,3 where P, is the density of the gas in region 4, and

\

. dp, % do, ., (h, -h)(y=-1)

R [13] —%a=-4 A% .30 3 4 m,, >0 (46)
p dt g, dt Va - bM4 34

»

R

:.

2
4 c, dp4 '

N = E;‘ It o, <0
h>,

’ »

N>,

' )

)

. where 534 is the mass flux into region 4, given by
& / /
2 B3y = Cp 44728, p3(P3 = ) P3 > Py (47)
{ '/

3 ==-C, 8, 728 p,(P, = Py) Py < P, -
1y 25
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The speed of sound in region 4 is given by

———— s e

(48)

IV. VENT OPTIONS
The model described above has a simple vent option. The vent area
between the liquid chamber and the combusion chamber is fixed, and equals
the total area of the holes drilled in the piston. Three vent options are
included in the code, where the constant vent area is a special case of
option 1. For each option, the input and the vent area calculation is in a

separate subroutine, and other options can be added easily.
A. VENT 1

A table of vent areas is read in as a function of piston travel.
Linear interpolation is used to determine the vent area for any given piston
travel. The case of constant vent area is a special case of this option.

B. VENT 2

A standard concept in interior ballistics is that of the optimum
(constant pressure) gun. That is, for a given gun design, we want to know
the maximum possible performance (muzzle velocity) for a given limit on the
breech pressure.2 There can also be an acceleration limit on the projectile
(base pressure). For a lumped parameter solid propellant gun, this is
fairly straightforward. These models usually assume a Lagrange pressure
distribution or a similar fixed pressure distribution. There is a known
relation between the breech pressure and the pressure at the base of the
projectile. Usually, the shot start pressure is chosen as equal to the
desired base pressure, so the projectile does not move until the desired

pressure is reached. The burning rate for the propellant is adjusted so as
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to reach the desired maximum breech (base) pressure and remain at this level

2

until propellant burnout.

.
)-1
P

For a liquid propellant gun, the relation between the breech pressure

%,_ﬁ and the base pressure is not known analytically, because of the added
}g;‘ . complication of the piston motion. Also, the burning rate cannot be
;;l controlled directly, since this depends on the mass flux into the combustion
) .
ﬂ‘# chamber. What can be controlled is the vent area.
R
i
!h., Our scheme assumes that there is a limit both on the breech pressure
. and the base pressure (projectile acceleration). The input parameters are
&? AVMIN = initial vent area = minimum vent area, AVMAX = maximum vent area,
R
h $ and ACS = maximum acceleration (kilo-g). The desired base pressure is
t , .
s Py ij (.098146) ACS/A, = Ppg (49)
,-';.".
SR
. 4
%)
%;t: where the number .098146 is a conversion constant. Then we define
e
ol RATIO = (P - Pp)/P (50)
28
h)
N4
-
vy and let
e
AN
:::':. A, (new) = A, (old) (1 + AK*RATIO) (51)
"
iw
0
lﬁté where AK is a proportionality constant (usually about one). However, the
1:ﬁ new vent area is overridden by AVMIN and AXMAX.
ot
.ﬁ
b In practice, the vent area stays at AVMIN until the desired base
xS
?;: pressure has been achieved. The projectile then starts moving, and the base
S
e pressure falls. The vent area then increases over several time steps to
s%f? maintain the base pressure. There is a delay in increasing the vent area
..;; and a further delay until the pressure increase in the combustion chamber
[ 'y
LA affects the pressure distribution in the gun tube. So the base pressure
ig L]
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o
, ﬂ falls and then increases again. AVMAX is normally chosen by trial and error
S so that the breech pressure does not exceed a desired limit. Once AVMAX is

reached, the breech and base pressures again fall off.

Ll 2l B
P~

.
o, o

There appears to be no way to iﬁplement exactly a constant pressure

. as el O ok ak -
L

‘Lj algorithm for the regenerative gun without major modifications in the piston
5#5 motion algorithm. The above algorithm does give an approximation to the
. ’ =
?5» maximum performance possible for given restrictions on the breech pressure .
AWM
.Bﬁ and the base pressure.
LN
s
ol
WS C. VENT 3
s
W
i.a Recent regenerative guns have been designed with an annular piston (see
;ﬂ¢ fig. 2). The piston has a circular hole in the center around a central rod
ol i
t%: or bolt, The fuel is stored between the bolt and the piston. The bolt
o
*ﬁa remains fixed as the piston moves. The motion of the piston opens a wider

annular gap, and fuel is forced between the piston and the bolt.

T

&
. l‘ A

1
v
e A Y

f-

We assume that the bolt is made of frustrums of cones. Let Xy be the

3§ distance from the combustion chamber end of the bolt to the junction between
;j' piece i~] and i. Then the volume of the bolt 1is

o

()"

b,

R poI ), 2 %)

e R R O T BRI U S L S (52)

sl

"5‘
S

£

Again we assume that the piston has zero thickness. Then the volume of the

liquid is

Iy

3

i
=
+

oA
[
A

(53)
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R BesS

.
o?’ where rp is the radius of the liquid chamber and N-1 is the number of pieces
.- in the bolt.
Y
:g The required information to determine the geometry is the x; and the r;
{
. values. In practice, we often want to specify the total liquid volume and
3& ) the vent areas for parametric studies. So the actual input used is a table
- of distances and vent areas, as well as the volume and area of the liquid
WK
13 chamber, and the area of the hole in the piston. The radii and then the
Qf volume of the chamber can be computed. By equation (53), the volume V; is
h. directly proportional to the distances x;. So the x; are scaled to give the
desired Vi If the dimensions of an actual gun are used, where the input
T liquid volume matches the input dimensions, no adjustment is made.
v,
o
") There are several changes necessary in the previous governing
e equations. Let the piston travel satisfy the relation X1 < Sps <Xy
~',‘ |
2 The radius of the rod at this point can be found by linear interpolation
e
g
(8 =-x, )
pPs i-1
r=r, .+ -7t-- ——==-=c (r,-r, ) . (54)
z? i-1 (xi xi-l) i~-1
EL™
Dy
;; Taking the derivative,
b ]
-
i : (r -
“ dr i i-1
Tt~ Vos TR . (55)
E dt PS (xi xi-l)
(
: Now the volume of the liquid reservoir is given by
S
o
2 T - 2 2
Vi = Vi m L (Spg mx) 3 (S mxy DT 4T Ty )+ )0
i (36)
vl:.
s‘;
: i-1
7 2 2
+ = (X, - x_ r. ¢<r_r + r,
: P I S URLF LI S G S
B
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or taking derivatives

v-.
v I

5 v, 28555 S 2 )
> FTTTL Tdc t3Ta Tt ToTtrig?) (57)
i
\ n dr dr
5 *3 GOpg = Xyy) Or Gt T de)
7\
.§ Rearranging this,
i¢:
>
iy av
- ] 7 2 2
(h, _——= - I
2 SV I T: Vos A1 1 3 ["ps (" +rry ) (58)
O
J‘ﬁ d
<. ar
b + (SPs ) (2r + x, 1) icl -
v,
W
o Similarly,
15
‘)
i
}T [6] gzé =V A, -2z |v (r2 +rr +r 2) (59)
C) dt ps "3 3 ps i-1 i-1
LS
X +(5__-x,_) (x+r,_) 3.
a“ﬂ ps i-1 i-17 dt
é" *
g
s
;%? The piston acceleration is given by
[T
v dVE g,
(2] =3¢ = ﬁ-- Py (A3 ~ A) - p (4 - A)] (60)
o ps
Wi where Ay is the area of the hole in the piston. The acceleration on the
.4? piston no longer depends on the vent area. The vent area itself is given by
[}
g
5 30
s
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A, (Spg) = Ay =~ Ap(S,e). (61)

[
This is used to compute the mass flux m; 3. The other governing equations

are unchanged.

V. DROPLET BURNING OPTIONS

So far we have assumed that the liquid combusts instantaneously upon
entering the combustion chamber. There is some evidence, however, that
liquid accumulates in the combustion chamber. To see what effect this may
have on the gun performance, simple approximations for the formation and

combustion of droplets in the combustion chamber are considered.

The behavior of the liquid as it enters the combustion chamber is very
complicated. We will assume that the liquid instantaneously forms droplets
of a fixed size. The droplets will then combust at some given rate. The

initial size of the droplets is an input parameter.

In the above equations, we included the possibility that gas could flow
from the gun tube back into the combustion chamber. In practice, this
occurs only rarely, and the amounts involved are very small. Since the
equations below are already very complicated, an additional assumption is

made that the mass flux from the combustion chamber to the gun tube is

positive. This eliminates some of the algebra, and has no noticeable effect

on the results.

A. DROP 1
A
h ‘.-:..
Q:k: The liquid combusts instantaneously as it enters the combustion
ugé chamber, releasing all of its chemical energy. This is the option derived
a5 above.
#':
&
% -§ 3
[y
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B. DROP 2

Gough5 has implemented a simple droplet combustion scheme. The
droplets have a fixed size at all times, and combustion simply reduces the
number of drops. The effect of droplet accumulation may be considered,
without implementing a whole distribution of droplet sizes. We will derive

the appropriate equations for this scheme in our lumped parameter model.

Let M;q be the 1liquid mass in region 3, V;4 be the liquid volume, M.,
be the gas mass, and VG3 be the gas volume. Then

Pr3 = M3/Vp3 (62)

and

Pe3 = Mg3/Vg3 (63)

where L3 is the density of the liquid and fc3 is the density of the gas.
Define the porosity

€4 = VG3/V3 . (64)

Then

Py = M3/Vy (65)

= (1 -e5) Pyt €y pg3 e

Following eq. (17), the speed of sound in :he~11quid is

=/ g, l(/pL3 (66)
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:¢:j and following eq. (27) the speed of sound in the gas is
2
A
;'\~ €63 ~ p ((1) - i Dn) ) (67)
I G3 G3
e
$;>_ The liquid is still considered to be isothermal, so the internal energy does
fn$ not _-change. The heat transfer to the liquid is ignored because of the
:;: ) complexity of including this effect. The enthalpy of the liquid is
Kt
o hL3 e + P3/pL3 (68)
:r:.:
| o, L4
oy where e; is the chemical energy of the liquid. Let my be the rate at which
L
q,f the liquid in region '3 is combusting and forming the final gas products.
.
<)
,:? The thirteen equations derived in Section III are the same except for
-;:? the energy equations [8] and [13]. To derive the new equations, we need
fff some preliminary results. Consider the mass conservation equations

’-‘:Z dM.L
3 d
R av = at [PLa(l - eg) V4]

e P TEH, " T ™ (69)

and

oy

2t .
oy e
4o

e, 4, 4, 4
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Expanding the equations,

dp de dav

L3 3
dtc (1= e3) Vg3 - paVy g5 + o3 (1 - e9) 3¢ (71)
[ Mll3 [ ] L]
M3 ™M, M3 T 93
3
dpG3 de dv
“dt €3V3 * P63 V3 T3t P63 63 Tat (72)
M
. G3 .
= M, - ——— 1 *
37 M "34
Combining the two equations,
dp; 3 (1 = €3) dpoy €5 ) dVy
dat. T p et oLt dt (73)
L3 G3 '3
M
1 . M3, . 1 . 63 .
= mmfeee @, = ===0_, -0,] + ====== [0, - ===n,,] .
by Vs 13 7 My U347 U305 M3 T HT T

Now consider the pressure equations. Assume that the gas and liquid
pressures in the region are identical. The 1liquid pressure equation,
following eq. (18), is

it " 7g Tdt (74)

and the gas phase equation, following eq. (33), is

34




2 .
ffg _ a3 dogy . @y(hy 5 = hey)(y = 1) 75)
dt g, dt VG3 - bMGB

Note the gas phase equation is no longer affected directly by the liquid

injection into the chamber, but by the rate at which the liquid is turned

into gas. Now we define the speed of sound in the mixture by the equation
€ (1 - ¢€)
1 _ 3 3
c 2 c 2" c 2 (76)
P33 P63%3  PL3®L3
or
3 53/(063 €e3 ) + (1 - e3)/(pL3 €13 )
Combining eq. (74) and (75), and using eq. (76), the result is
dp 0, C 2 dv n
(8] 3;2 = -3-52- ~ g;g + 42 (78)
€ '3 L3
Gl e, B T e D By
o P 2 .. Py | °
G3 L3 e3 (1 bpc3) 3
Now consider region 4. The mass conservation equations are
M3 34 4

'A} L‘E‘L}x \ L.‘L\.j\{‘
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or expanding as before

dp de
L4 4
R A S VR

dp 4 dea dva M

“qt %4Va tPoe V4TI Y Pos S4 T3 TR Dae YU,

Again we assume that the gas and liquid pressures in the region are

identical. Then the pressure equations are

I VI T
de g, dt
and
dp, c.2do., @ (h, =-h,)y~1)
4 _ G4 G4 , 4 n G4
dt g, dt VGA - bHGA

EQQ ﬁ:34(hG3 - hca)(y - 1)

+
M

3 Voo = Mg,

Note that the mixture in region 3 is assumed to be homogeneous, and the

fluid that flows into region 4 has the same porosity as the fluid in region

3. In general, region 4 has a different porosity. So the gas phase
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pressure equation for region 4 has to include the effect of that portion of

the mixture in region 3 that is gas.

Combining the equations as before

2 .
aa k) M B | e, SolPua T Pead(Y T D) 85)
dt g Vv dt 0 " p 2 -
A G4 L4 e, (1= bog,)
G L, Peu, 8o Moy (Mg T My T D)
beats o3t M3 5, 7 y
G4 3 L 4 (1 - pr4)

To complete the system, equations are required to determine the liquid
density and mass in the regions. The corresponding gas quantities can be
easily derived. The liquid pressure equations (74) and (83) are rewritten
as

dp g dp
L3 o 3
(18] =357 = =73 & (86)
‘L3
and
do g, dp
L3 o 4
(16] =33 = —3 -3t * (87)
‘L4
The mass conservation equations for the liquid are written as
d ",
L4 3 L] *
and
37
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o, (37 =3t = 7 34 T Uy - (89)
;’C 3
i

J
i
é-f To close the system, we need information on the rate at which the
\
.) liquid droplets are combusting. The rate of surface regression is assumed

e
-;_\ to be of the form
N
o - B
" rate of surface regression = A p”~. (90)
-:f;::: Liquid propellant burning rates have been measured by McBratney.15 16 The
o
o rate of burning

o
K

4 = B
ﬁ*" by = p 4 SAPy , (91)
a
W

=y where S is the total surface area of the droplets in a region. All the
:j::' droplets are assumed to have a constant diameter d.
o
..1_-_
" The surface area of a single drop is given by
Yl
-n.

(l
e s = wd® . (92)
i,

-
_;"J:_‘ and the volume of a single drop by
A
}‘\‘-1.-

vl"'..-
,._‘-." VD = % d3 . (93)
1
P
)‘:-.
j" 15y .F. McBratney, "Windowed Chamber Investigation of the Burning Rate of
b Liquid Monopropellants for Guns,"” ARBRL-MR-03018, April 1980.
. 16y F. McBratney, "Burning Rate Data, LPG 1845," ARBRL-MR-03128, August
:C::;C 1981.
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04
b3
\
N
.
=
(' If Ny is the total number of drops in region 3, then
o Ny = vL3/vD . (94)
ki
} . So the total surface area in the region
\
_“,
\5 - 8 =6V ,/d (95)
N
L
‘A.
ror and eq. (91) can be written as
Qe
-:j
b
| 6 , B
o5 8 = 24
p m3 = Pp3 Vi3 3 4P (96)
o
S
o or
A _ 6 B
- By =My gapy - (37)

o
A5

For region 4, the pressure 1s no longer constant over the region, but

follows the Lagrange pressure distribution. But this would be quite

g - -
y 3 > M
efaty E

T
o

complicated to keep track of, and very little liquid goes into region 4 for

"o most problems. So the combustion rate is assumed to depend on the average
™~ pressure P,, and

e 6 , B

.1‘.‘ ﬁxl’ M, g AP, - (98)
‘A‘:

LA

\:.

»,

T~
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C. DROP 3

The above representation assumes that all the droplets remain the same
size at all locations and times. In practice, some distribution of droplets
“will exist as a function of space and time. 1In this section, we present a

slight generalization of the above model.

_ The drops still form instantaneously as the fluid enters the combustion
chamber, and all the droplets are initially the same size. However, the
droplets will shrink as they burn. They will be represented by an
approximation to a probability distribution. One advantage is that
different probability distributions can be easily implemented using the
formalism developed below. So alternate theories of droplet formation and

combustion can easily be added.

A standard procedure is to define a probability distribution function
f(r) = the probable number of droplets with radius between r and r + dr. 17
For our purposes it is more convenient to use the mass of the droplets
rather than the number of droplets. So define M(r) = the mass of the
droplets in region 3 with diameter between r and r + dr. Since this is a
lumped parameter region, there is no space dependency. Then let m(r) be the

rate of consumption of drops with radius r, or
. 3 B
m(r) = M(r) 2 Apy~ - (99)

Then we have the partial differential equation

td M(r) | M) . M(r) B

T 3t My 34 w(r) + 577 3% e (100)
e

.-

Ejil

Eii 17g.A. Williams, "Progress in Spray-Combustion Analysis,” in The Eighth

Vﬁ{ International Combustion Symposium, Williams and Wilkins Co., Baltimore, MD,
L 1962.
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The first term is the loss term to region 4, the second term is the
loss term to the gas phase, and the last term is the loss to smaller
drops. There is also an input boundary condition for r = initial radius of

the droplets and an output boundary condition at r = Q.

Rather then solve the above partial differential equation, the
distribution is discretized to obtain a set of ordinary differential
equations. To be consistent with the previous notation, the diameter rather
than the radius of the droplets will be used. More or less arbitrarily, the

distribution is split into ten classes. Let d. = the initial diameter of

init

the droplets and dine = 94 /10 be the difference in diameter of the ten

init
droplet classes. Then define ML3(i) = the mass of the droplets with
diameter between dinit ~ (i)dinc and d; ;. = (i+1)dinc. Then let d; =

(1.05 - O'Ii)dinit be the working diameter for each class of droplets. That
is, for purprses of obtaining burning rates, assume that this is the

diameter of all droplets in the class. Then

o« sy .y 6 B
() = 5 (1) G py (101)
is the mass burning rate for each class, and
10
i, = '51 m3(1) (102)

is the total mass burning rate.

To derive the governing ordinary differential equations, assume that in
any class, the mass is evenly distributed among the possible diameters.
This will contradict the assumption above that all the droplets have an
average diameter. But in the limit of infinitely many classes, it will be

equivalent. Looking at the first class,

41
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aM (1) = & ,Ac - --g--- By, At = B, (1)at = M (1) 4d/d (103)

inc

or the change in mass of class ] = influx into region 3 ~ efflux to region 4
~ loss to the gas phase - loss to the next smaller class. Since we assume
that the mass 1s equally distributed over the possible diameters,

Ad/d of the mass will shrink into the next smaller class. Taking the

inc
limit
am. (1) (1) M (1)
[18] -f%%___ -, - Eaé--— iy, - By(1) = -5>-— 24p,". (104)
3 inc

Note that the rate of change of the diameter = twice the surface
regression rate = 2Ap3B. Since we assume that all the droplets initially
start in class one, all the influx from region 1 goes into class 1. For the

other classes, the equations are

dM. (1) M (1)
[19-27] -fkgg- = - -Eﬁ-- 534 - ﬁ3(i) (105)

(1 -1) - M.(1)
HL3 d L3 ZAP3B, i=2 .,..10.

inc

+

All the earlier equations [1] to [17] from the above section are the
same, except for the new definition of ﬁ3 and the corresponding definition
of ﬁA' One of the equations in (105) is in fact redundant, since My =
ML3(1) + ses ML3(10). The extra equation is included for the sake of

simplicity.

The equations for region 4 are similar, except that there is no source

term from region 1. The loss terms for region 3 are the source terms for
42




AL region 4. That is,
i
K dML (1) M (1)
'-: 4 - L3 (] -
. [28-37] 3t = % m,, m4(i) (106)
» 3
A-i
=
e . (1)
! - """l"'-— ZAP B i=1 ,.. 10
"5 d 4
:ﬁ inc
[
;1'
'
VI. MASS AND ENERGY BALANCE
:.-'
*: As a check on the equations derived, both mass and energy should be
.: conserved. The mass balance is straightforward.
- Mp = My + My + M, (107)
| where My is the total mass of the propellant and primer. This should be
] constant throughout the integration.
“.
i
el The energy balance is more complicated. The energy loss through
{? friction is quite small, and is ignored. The code presently does not
include heat loss or air resistance. The liquid is considered to be an
ot .
s: isothermal fluid, and its internal energy e is just the chemical energy of
0
a’ the propellant. The total energy of the liquid is
by E, =M + M, +HM,). (108)
3
E; The internal energy of the gas in region 3 is given by
.“-4-
;“j ey = ¢, T3 (109)
9
I"
KN
0

and the total gas energy is
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% 2 E, =c_ T, M (110)
Lo 3 "v'3e’
\.-‘.‘V
',_ "’ The average internal energy of the gas in region 4 is given by
A9
o
A x :
i - LR
e e, =if, ¢ T, dx (111)
L \ R L
A
"y ::; ~1
o or
N
Gy
x. p(x)(1 = bp,)
P _1 R 4
’,-.:Czj 4 xR!o o,y = 1) dx (112)
N\.‘
. by the Noble~Abel equation. Using eq. (38) for the pressure function, this
)
L) can be integrated to yield
)
; 3
‘%
‘.': ea = ;F;-:.T; p4 (113)
. pu Fh
23
2
L
. and
By = eMgs (114)
The kinetic energy of the piston is given by
EK__ = 0.5M__ V_2%/g (115)
ps Ps Ps o J
and the kinetic energy of the projectile by
EK_, = 0.5M , v_.2%/g . (116)
PJ Pj 'PJ "o
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By our assumptions, only the fluid in region 4 is moving. The kinetic
energy of the gas is

X
R 2
EKG4 - fo 0.5 DG“ A‘b v /go dx . (117)

We ignore drag and assume that the liquid has the same velocity as the
gas. Then the kinetic energy of the liquid is

*r 2
EX, = [, 050, A vi/g, dx . (118)

The Lagrange pressure distribution implies a linear velocity profile with
the gas velocity at the tube entrance equal to zero. This implies that

v = ij x/xR . (119)

Substituting and integrating

2
EKg, = 0.5 Mg, vpj xR/(3go) (120)

and

2
EK 0.5 M vpj xR/(3go) . (121)

Lé L4

Then the total energy of the system is

ET = El + 33 +E, ¢+ EKPS + EKPJ + EKGa + EKLA. (122)
45
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>¥x- This should be constant throughout the integration.
(R
s
g
;{ 2 VII. NUMERICAL METHOD
[ |
:F'* The ordinary differential equations derived above are solved using the
:j code EPISODE.!® This is a robust and efficient code for the solution of
ﬁx?: ordinary differential equations. EPISODE proper consists of the subroutines
?.-)q DRIVE to SING (see Appendix A).
&
f
A
22
Only two changes have been made in EPISODE proper. The first concerns
7;{_ the error control. Originally this could be either a relative or an
{x# absolute error control. A relative error control can be wasteful if some of
LIS
“/; the quantities being integrated become negligibly small. However, an
'6 ; absolute error control is inaccurate if the quantities integrated vary
o widely in magnitude.
.j{g
'{tj A solution to this problem was developed during work on integrating
chemical kinetics networks, where the concentrations of species differ by
N - many orders of magnitude.19 This is a semi-relative error control. If the
l t quantities are above some cutoff value (SREC) a relative error control is
txz used. If they are below SREC, an absolute error control is used. While an
Y absolute error control would be adequate for the simpler equations now being
;y' considered, the semi~relative error control has been left in the code. SREC
l:icj has normally been chosen as 10~°.

The other change is at the end of the routine TSTEP, which actually
takes the integration steps. Several options have been included here.

First, diagnostic printouts of the quantities of interest may be made after

18,.c. Hindmarsh and G.D. Byrne, "EPISODE: An Effective Package for the
Integration of Systems of Ordinary Differential Equations,” UCID-30112~
Rev.l, Lawrence Livermore Laboratory, 1977.

19¢,p. Coffee, "A Computer Code for the Solution of the Equations Governing
a Laminar, Premixed, One-Dimensional Flame,” ARBRL-MR-03165, April 1982.
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(é each time step (KWRITE=1). Second, if the optimum gun option is being used

3? (VENT 2), the vent area is updated at the end of each time step. Finally,
some information about regions 1 and 4 must be included. Eq. [4] for the

ié liquid density becomes singular as V, approaches zero. So when vy becomes

;j some fraction VPER of the initial volume, the region is closed. That is,

N region 1 is ignored in the integration from then on. This will lead to a

i small error, due to the liquid propellant left in region 1 when the region
is closed. However, VPER is an input parameter, and by trial and error can

[ be chosen small enough that the error is negligible. If V, ever becomes

> negative, the step is rejected, and the integration starts again with a
smaller time step. There is a similar problem with region 4, since the

;3 projectile may start at the throat, and V, will be zero. So region 4 starts

d out as closed. When the projectile is at least .01 cm. down the gun tube,

-; the region is opened. Before this, region 4 is considered as an extension

of region 3.

-

There are actually two integration routines included in EPISODE. The

Lﬁ first is the Adams method, suitable for non~stiff problems (METH=1). The

. second is the backward differentiation method, suitable for stiff problems

;: (METH=2). We have normally used METH=2. However, the governing equations

:S are not very stiff, and METH=1 can also be used. The run times are about

} equivalent for the two methods.

v "

o There are also several methods for the solution of the nonlinear system

:: of equations required at each step of the integration. We have used the

:3 Newton method with an internally computed finite difference approximation to

« the Jacobian. So the only subroutine that needs to be supplied by the user
is DIFFUN. Given a set of values for the unknowns, DIFFUN computes the time
derivatives of the unknowns.

;‘ Subroutine DIFFUN in this code only calls one of three subroutines

j (FDROP1, FDROP2, or FDROP3). These routines correspond to the instantaneous

j§ burning option, the fixed drop size option, and the shrinking drop size

} option. Since the governing equations are different, it is easier to set
these up as separate subroutines.

: 47
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-
:: The rest of the routines have to do primarily with input and output.
;: The main routine RLGD read in the input data, sets the initial conditions,
:. calls the integrator, and writes the main output file.
»
:E To make it easier to add or change options, some of the input is in
)f separate sub:routines. For instance, subroutines VENT1, VENT2, and VENT3
! read in the required data for the three vent options. These routines also
Y compute the vent area for a given piston travel. So if a new vent option is
% desired, it is only necessary to add a new subroutine and change the few
;» lines that call the VENT subroutines.
4 o . .
. Similarly, DROP2 and DROP3 read in the input parameters for the droplet
}; options. PISRES reads in the piston resistance as a function of piston
- travel. DIS1 and DIS2 read in the discharge coefficients. These can be
.. either a function of piston travel or a function of liquid pressure.
:; PROJRES reads in the projectile resistance pressure as a function of
HE projectile travel. Subroutine PRIM2 is a simple primer option. That is,
L' the primer may be included as droplets in region 3 to follow the initial
- behavior of the system in more detail.
S
éi Subroutines CAPTION and OUT control the output files. Subroutine
;j OUTGRA creates a graphics file, so that any of the quantities computed may
:; later be graphed.
‘o)
48
- VIII. NUMERICAL COMPARISONS
-&E
\ﬁ As a check, we will compare our code with the numerical code developed
3: by Gough.5 The sample problem used is discussed in ref. [6]. This is a 25
- mm. gun with a constant vent area., The input data required is reproduced in
i Table 1.
.
v,
»
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i
Medy
N
t_:¢ Table 1. Baseline Input Data for Test Problems.
CaRN
0"‘ N
o fuel side area of piston 13.00 cm?
(W)
‘VK* combustion side area of piston 15.48 cm?
l?%ﬁ gun tube area : 4.91 cm?
}7%’ initial fuel reservoir volume 96.00 cm3
xA) ) initial combustion chamber volume 35.40 cm3
A
) h initial projectile offset in tube 1.27 cm
g ’
:3&ﬁ ' projectile travel 213.36 cm
$¢‘“ projectile weight 194.40 gm
piston weight 480.82 gm
;7_: bore discharge coefficient 95
;Z;* piston discharge coefficient <58
" 4O
;%(ﬁ shot start pressure 36.00 MPa
)
o liquid density (1 atm.) 1.23 gm/cm
- bulk modulus 2413.10 MPa
;iiﬁf 1iquid chemical energy 3330.90 joules/gm
[
e ratio of specific heats 1.26 .
‘ molecular weight of combustion gases 19.01 gm/mole
SEN
LoN covolume 1.26 cn3/gm
:rf:f initial liquid pressure +10 MPa
‘ .
R ?. initial gas pressure 81.00 MPa
D
e
N
vy The answer given here for the Gough code are slightly different than
oM
&z those reported in ref. 6. The Gough code controls the integration time step
it )
L}' size based on the grid in the gun tube. The time step must be small enough
‘5.:| not to violate the Courant-Friedrich-Levy condition.2? The maximum number
L.
: of grid points and the minimum grid spacing in the gun tube are input
? conditions. A smaller grid size than was used in ref. 6 was required to
ws obtain convergence,
T
T
I-."‘.-
150
=4
\¢;i 20P.J. Roache, Computational Fluid Dynamics, Hermosa Publishers, 1972.
e
oy
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' 9 The results for these computations are given in Table 2. The agreement
x_ﬁ between the two codes is not very good.
.ﬂ
‘ﬁb
O Table 2. Comparison ~ Baseline Input Parameters.
)
I
LA
\
:§ . Gough Coffee
;f Muzzle velocity (m/s) 1097 1161
i Max. liquid pressure (MPa) 289 351
liF Max. combustion pressure (MPa) 231 277
)é Time until projectile exit (ms) 3.7 3.2
[
‘o Computer time (s) 20.6 1.2
@
&
O
i
) This can be partially explained by considering the way the Gough code
}“ computes the mass flux between the liquid chamber and the combustion
. chamber. If the combustion chamber pressure is higher, gas can flow into
~
o the liquid chamber. Since the liquid chamber is one phase, the code
-ﬁ converts this into liquid, which defies conventional physics. The new code
;“ normally does not allow flow into the liquid chamber. However, it can be
ﬁ run with this option. The results are in Table 3.
o .
3.:
7.
e LM
R Table 3. Comparison — Back Flow into Liquid Chamber.

Ll Gough Coffee -

Yy

e

Y

L Muzzle velocity (m/s) 1097 1140
Max. liquid pressure (MPa) 289 316

l-.-

‘(4 Max. combustion pressure (MPa) 231 251

E: Time until projectile exit (ms) 3.7 3.4

.3; Computer time (s) 20.6 0.7

2
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ua The agreement is better, but there are still noticeable differences.
5: N Another possible cause for error is the time step control in the Gough code,
o which is based solely on the conditions in the gun tube. However, in the
?i: present problem we are starting with a large prescure difference between the
3:3 combustion chamber and the liquid reservoir. The time step must be reduced
"‘-
ﬂ‘ . to resolve the interaction between these two chambers and the piston
;;)_ movement.
By s
o4
'ng To check this hypothesis, the initial pressure conditions were changed
Lt to initial liquid pressure = 9 MPa and initial gas pressure = 10 MPa. This
" is less of a strain on the error control. As Table 3 shows, the two codes
:: : now give almost identical answers.
g
b
é?; Table 4. Comparison - Initial Gas Pressure = 10 MPa.
o
o
ss Gough Coffee
)
[} X
. Muzzle velocity (m/s) 1114 1133
ALY
:GS Max. liquid pressure (MPa) 311 310
_%t: Max. combustion pressure (MPa) 247 247
u{:‘ Time until projectile exit (ms) 4.2 4,2
g;?, Computer time (s) 23.5 2.5
s,
"'-;C'
£,
oy The only noticeable difference is in the muzzle velocity. The
‘;{{ difference is in the expected direction. That is, the new code assumes a
e,
:52 Lagrange pressure distribution in the gun tube. So any changes in pressure
‘:g in the combustion chamber instantaneously effect the projectile, no matter
J‘Z how far down the gun tube it is located. The Gough code uses partial
fr‘ differential equations to describe the gun tube, and actually follows the
'
‘fti pressure waves as they propagate. So there 1s a delay between the pressure

BN YAt
‘S
I'.l"l .'

rise in the combustion chamber and the corresponding pressure rise at the

base of the projectile. This results in a slightly lower muzzle velocity.
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Fig. 3 compares the combustion chamber pressures as a function of time,
and fig. 4 compares the projectile velocities. These curves confirm the
above analysis. The agreement is excellent at early times, But as the

projectile moves down the gun tube, differences appear and become greater

‘with time.

It is useful to know if these differences can become important. So we
took. the previous problem and increased the liquid reservoir volume to 300
cm and the projectile travel to 1000 cm. Results are given in Table 5 and
in figs. 5 and 6. There is in fact a fairly large difference in muzzle

velocities.

Table 5. Comparison — Long Gun Tube.

Gough Coffee
Muzzle velocity (m/s) 1556 1685
Max. liquid pressure (MPa) 264 261
Max. combustion pressure (MPa) 205 203
Time until projectile exit (ms) 10.0 10.2
Computer time (s) 32.8 2.4

In conclusion, the Gough code may be inaccurate if the mechanisms
controlling the time step occur in the lumped parameter regions. The new
code, however, will overpredict the muzzle velocity for a long gun tube. It
may also be inaccurate for a high performance (large muzzle velocity) gun,
if the projectile moves fast enough that the pressure increase in the throat
of the gun tube cannot catch the projectile. The new code runs about 10 to
15 times faster than the Gough code. Several other comparisons have been

made, and the above conclusions still hold.
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APPENDIX A

% A listing of the computer code follows. Routines RLGD to PEDERV have
o been written for the regenerative liquid gun application. Routines DRIVE to
! SING comprise the code EDISODE.
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\\.) APPENDIX B

5 Below is a listing of the job stream for the above test problem

,\‘: (initial gas pressure = 10 MPa). Following is a listing of the output.
Since there are many variables to keep track of, the output is on multiple
files. Only the ones of interest for a particular problem need to be

}:-§ printed out. Additional files contain the values of interest for a problem
‘mﬁ . with a droplet option.
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)

' A Cross section area of the liquid reservoir, cmz.
:ﬂ

S: Aq Cross section area of the combustion chamber, cm?.
L

. i A Cross section area of the gun tube, cmz.

4

i

Y :

:é' A, Vent area, cm?.

)

"

] 3

b Covolume, cm~/gm.

s

“ <y Speed of sound in the liquid in the reservoir, cm/s.
|

‘ CL3 Speed of sound in the liquid in the combustion chamber, cm/s.
25 cL4 Speed of sound in the liquid in the gun tube, cm/s.
§

:;:

’ cc3 Speed of sound in the gas in the combustion chamber, cm/s.
N

.t: Ce4 Speed of sound in the gas in the gun tube, cm/s.
&9

A
r cq Average speed of sound in the combustion chamber, cm/s.
B '

% cy Average speed of sound in the gun tube, cm/s.

o

v,

W
£ cp Specific heat at constant pressure, joules/gm-K.
;i cy Specific heat at constant volume, joules/gm-K.
A

; ¢ Discharge coefficient for the piston.
&
‘r:
l

-Q CB Pischarge coefficient for the gun tube.
R
*n
e Chemical energy of the liquid, joules/gm.
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Internal energy of the gas in the combustion chamber, joules/gm.
Internal energy of the gas in the gun tube, joules/gm.
Total internal energy of the liquid, joules.

Total internal energy in the gas in the chamber, joules.
Total internal energy in the gas in the gun tube, joules.
Kinetic energy of the gas in the gun tube, joules.
Kinetic energy of the liquid in the gun tube, joules.
Kinetic energy of the projectile, joules.

Kinetic energy of the piston, joules.

Conversion constant = 10’ gn/s-cm-MPa.

Liquid enthalpy in the reservoir, joules/gm.

Liquid enthalpy in the combustion chamber, joules/gm.

Gas enthalpy in the combustion chamber, joules/gm.

Liquid enthalpy in the gun tube, joules/gm.

Gas enthalpy in the gun tube, joules/gm.

Bulk modulus, MPa.

Bulk modulus at zero pressure, MPa.

Derivative of the bulk modulus, MPa.
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G3
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Mps

PS
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e

34

He

He

Gas mass in

Gas mass in

Liquid mass

Liquid mass

Liquid mass

AT RN W R TN W WY I W W T WY W T YL TS T TR TR TR T T T W

the combustion chamber, gm.

the gun tube, gm.

in the reservoir, gm,

in the combustion chamber, gm.

in the gun tube, gn.

Total propellant mass in the system, gm.

Projectile mass, gm.

Piston mass, gm.

Mass flux into the combustion chamber, gm/s.

Mass flux into the gun tube, gm/s.

Rate of gas

Rate of gas

Pressure in

Pressure in

formation in the combustion chamber, gm/s.

formation in the gun tube, gm/s.

the liquid reservoir, MPa.

the combustion chamber, MPa.

Average pressure in the gun tube, MPa.

Pressure at

Pressure at

the gun throat, MPa.

the base of the projectile, MPa.

Projectile resistance pressure, MPa.
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Universal gas

Projectile travel, cm.

Piston travel,

Temperature in the combustion chamber, K.

Average temperature in the gun tube, K.

Volume of the

Volume of the

Volume of the

Liquid volume

Gas volume in

Liquid volume

Gas volume in

Projectile velocity, cm/s.

Piston velocity, cm/s.

Molecular weight of the gas, gnm.

Porosity of the combustion chamber.

Porosity of the gun tube,

Ratio of specific heats.

N A et
-"_".': \1:\(1:.:1_".'4'1 ﬂ’-“\

constant = 8.318 joules/mole-K.

Cm.

liquid reservoir, cm3.

combustion chamber, cm3.

gun tube behind the projectile, cm”.
in the combustion chamber, cm3.

the combustion chamber, cm3.

in the gun tube, cm3.

the gun tube, cm3.
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PR

Py Liquid density in the reservoir, gm/cm.

Liquid density in the combustion chamber, gm/cm.

P i)

{)"LA A

P4 Liquid density in the gun tube, gm/cm.

Gas density in the combustion chamber, gm/cm.

0
(2]
w

\
B

=S

Pcy Gas density in the gun tube, gm/cm.
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