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1. INTRODUCTION

During the analysis of 120-mm gun firings, designed to look at the interior ballistic characteristics of
combustible cartridge cases (Robbins, Koszoru, and Minor 1986), XNOVAKTC (XKTC) (Gough 1980)
was noted to be in agrecment with measured pressure-time curves as well as with pressure-difference curves,
while IBHVG2 (Anderson and Fickie, 1987) gave a calculated maximum breech pressure which was 42
MPa higher than measured. Parametric studies were performed using XKTC to attempt to attribute this
disparity to the various processes omitted from IBHVG2. The boattail instrusion was calculated to account
for 14 MPa, with effects of flamespreading and intergranular stress accounting for 3 MPa each. Subsequent
calculations (Robbins 1986) indicated chambrage, propellant packaging, wave dynamics, and multiphase
effects (the solid propellant velocity lag and concomitant formation of an ullage region between the projectile
base and the propellant bed) as contributors to the differences between the lumped-parameter and two-phase
interior ballistic codes. In this report, we show that the influence of chambrage and propellant velocity lag
on the pressure gradient may be represented in analytical form. We compare the analytical pressure gradient
with that predicted by XKTC and asscss the extent to which the effects of chambrage and propellant velocity
lag account for the differences in ballistic predictions.

The NOVA codes, of which XKTC is the latest version, have been used with uncompromised data
bases to model gun systems with much success (Robbins, Koszoru, and Minor 1986; Robbins 1983; Robbins
and Horst 1984). Since XKTC calculates the pressure gradient from first principles and agrees with gun
firings, XKTC is assumed correct. Accordingly, all the lumped-parameter computer runs, with different
gradient equations, are compared with equivalent XKTC computer runs.

1.1 Models. Gradient equations have been developed by Gough (Gough, no date) to look at (1) the
effects of chambrage, (2) the effects of propellant velocity lag, and (3) both effects at the same time. The
goveming partial differential equations, assumptions, and definitions are given for each effect followed by
the resultant gradient equations and an equation for the total kinetic energy of the propellant and gas. The
details of the solution technique and mathematical procedure are documented in Appendices 1-3.

1.2 Influence of Chambrage. For the chambrage gradient equation, the propellant is assumed to be
uniformly distributed between the breech and the base of the projectile, and the variation in area is assumed
to be confined to the chamber. The basic results presented in this section have been previously derived
(Vinti 1942) and, more recently, in a somewhat different context, (Morrison and Wren 1988).

The continuity and momentum equations for unsteady flow of a homogeneous inviscid substance are

d . 1 dpAu _
5 + 1 3 = 0 (C.0D




and
) d )
p§§+pu5'zi+,,5'zl=o. (C.02)
Making the Lagrange assumption
%P _
% 0 (C.03)
and using )
C
= C.04
results in the pressure distribution
p) = pO) + a@Vyz) + b@Vy2) (C.05)
where
CAp AVE . ]
ait) = -V, C.06
O = Ve, [V(z») ‘ €09
b(t) = CVohs Cc.07)
T V%) «
V()
Jiz) = L Ao (C.08)
and
_ Y@
Jfz) = A%e) (C.09)
Substituting the projectile acceleration V,, given by
- A
VP = gMa (Pp—P,] (C.10)
P

into (C.05) results in a pressure distribution in terms of the pressure at the base of the projectile Py

p@) = pO) + atVz) + a(V@)Ps + b(tVy2), (C.11) .
where
2
a(t) = gﬁ(’;’) [3‘:::‘; + 8;2 2 P,,] (C.12) -
and
aft) = - —913—-. (C.13)
M,Vi(z,)
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With the mean pressure P,, defined as

z’
["Pemen:
P e g et err—

= zZ, (C.19)
J; A(z)dz

and using (C.11) and identifying P(0) with Py, then the base and breech pressures are given in terms of the
mean pressure by

P, + al(t)]l(zp) + b(tvz(zp) - al(‘)’!(zp) b(t).h(zp)

A TS
Py =
a2(‘)’3(zp)
1 - t + == (C.15)
a2( )Jl(zp) V(zp)
and
Py, = (1-a(tV\(z,) Py — a(tVyz,) - b@)Vy(z,), (C.16)
where
ZP
1y = [ aey e (€.17)
and
Z’
1) = [ aeyexe. (€.18)
The kinetic energy of the gas/solid mixture is
2v72
_ AV, CJz,) (€.19)

28.Vz,)

1.3 Influence of Propellant Velocity Lag. For the two-phase gradient equation developed in this

section, the chamber and tube are assumed to have the same, uniform diameter. The coupling of the two-phase
effects with chambrage is addressed in the next section. The propellant is assumed to be uniformly distributed
between the breech face and the leading edge of the bed with the leading edge of the bed being initially at
the base of the projectile. However, once the projectile begins to move, the leading edge of the propellant
bed is not assumed to remain in contact with the base of the projectile. Instead, the motion of the leading
edge of the bed is explicitly modeled by reference to the equation of motion of the solid phase which includes
the influence of both pressure gradient (buoyancy force) and interphase drag. The existence of a region of

3
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ultage between the propellant bed and the base of the projectile is also recognized explicitly. The requirement
that the gas-phase density be everywhere uniform causes the gas velocity at the leading edge of the propellant
bed (U,) to have a much more complex time dependence than that in the simple Lagrange analysis. Instead
of being a fixed fraction of the projectile velocity at all times, the value of U, may be significantly greater

than the projectile velocity during the pressurization phase since the ullage requires a net compression to
maintain equilibrium with the conditions in the mixture region where combustion is occurring. The complex
time dependence of U, will be seen to have important repercussions in respect to the behavior of the pressure
gradient. It is believed that this is the first time that these effects have been modeled analytically.

The continuity equations for the mixture region are

dp  Oepu
ot dz
Je a[(l - E)ppup]

pp —a—t - _—'—_‘—az = m(t) (L.2)

= 1) (L.1)

Making assumptions analogous to the Lagrange assumption

%

% 0 (gas density constant throughout the tube) (L.3)
de ) . .
% = 0 (porosity constant throughout the mixture region) (L4

and noting the assumption () is only a function of time, then

z
u, = U, [Z:l (L.S)
and
AN (L.6)
2y
At the internal boundary defined by the leading edge of the propellant bed we may write the
macroscopic balance of mass in the following form *

U

P

e (U,-U,) = U,
This result includes the assumption that the density jump across the boundary is negligible, as will always
be the case if the Mach number is small compared with unity, and which is in any case consistent with the
present assumption L..3.




Consider the momentum equation for the mixture region,

u u? oP
aﬁ5§+a‘§, t 8 3= - f t (%))
and
o(1-€)p,u, (1 -e)p,u’ oP
3 + % (-8g, 3~ = f, - rhu, (L8
where
1-¢
fo= (—5—2 Pl —u, . (L.9)
P
and for
REN = pr‘Ug"U;J
1}
05 + 1
A = [ o
(15 'Gg)m
C
g =1 - .
PpV(2,,)
Then
[ 2.5\
REme fw E<E,
feo = 5
250 ((1-¢) &
REN.(BI [(1—5,,) _8_) f;o’ 8280. (L.IO)
Definingy, = ¢ - pA,L/C, @.11)
and
—-———-dzlnp = C(t) — 80A:P. + goAgpru
dr’ ' VeM, VeM,
where
(1 1 Vi ?
oit) = m |— - + = - —
l() (m pva] V} mz)




and
Ve = V, + Az,-2,) - — +
Py
dx
m = p,S T
m= p, § & + S dx
(4 dt pl’ dtz
ds [(dx}
= pp zx— 'at— + pp S
with
dx n
x =
and
d’x a-1 de
O

where dP,/dt is determined numerically, or from

=7 PV + E=
da v
and
8As
V’, = ‘xip— (Py~P,,).
Then
ky Py + k.
P(Z) = P,, _ (1132 12) 2,
where
. 1A A
il G AL
k, =
! ,V(z)
and
1
b = —
XN

(L.12)

(L.13)

(L.14)

(L.15)

(L.16)

(L.17)

(L.18)

(L.19)




and

0'Ck,
27 gV P «20
, . O£ dinp
¢l=¢.Us—¢UP—?(VP+L—Zt——UP)
oL dinp = 20U
= —4+ (U,-U,)
P LOCi(t)
+ G D,s, U -U,) Y. c (L.21)
and
¢ =1 -6 - & ———(1;8). (L.22)
For the ullage region, the momentum equation for the gas is
oP P (du du
% - (a: B> ) (€.23)
and, therefore, the pressure in the ullage region is
Pz = Pi) - £ [(V +z A)(z-z) - (2*-22) é] (L.24)
b 2o P P b b 2 ’ .
where
A = d’np  (dinpY
dr a )’
Defining
ZP
["Pereu
. P, = B — (L.25)
f A(z)dz
then
P,—-D
Py = G (L.26)




»—-—-——f

and
Py, = APy + B, L.27n
where
kyzd LAGP,., kyszs L?AgP,.,
D = wZ _ PLAg _ kuzy (’Q_L)_{_P 8
2 M, 2z, 2z,M,
pL? 2L dinp Y
1-= - £
¥ 2g, [ BZPJ[Clm (d‘
AlpL? ( ZL] )
+ ——— |{1-—| P,, L.28)
WMV, | 3, ¢
G = 1 kyz3 pLAp AjpL® 1_._?& kuzs
2 M, 2VeM, 3z, 6z,
_ hulz LA, (L.29)
2z, 22,M,
kuzy pLAg AspL’
A =1 + + - , (L.30)
2 M, 2VeM,
and
kiszs pLA,
B == - Pre
pL? dinp Y AspL?
+ 2, (cl(t) - ( T ) + M, P,... (L3
The kinetic energy of the propellant and gases is
Agz
KE = 6’;0” (epU? + (1-e)p,U2]
pAsL 2 dinp , (dinpY
73 (SVP + 3V,L ” + L ol
The mean pressure over the mixture region is
P S |




1.4 Combined Influence of Chanbrage and Propellant Velocity Lag. The Robbins-Gough-Anderson
(RGA) gradient equation, which combines the influences of chambrage and multiphase flow, assumes that
the variation in area is confined to the propellant chamber and that the propeliant initiaily filis the chamber.
The cross-sectional area within the ullage is accordingly uniform and equal to A at all points. Nomenclature
is as in the previous gradient equations.

The continuity equations for the mixture region are

a 1 A
g B - o ®D
a 1 o(1-¢

Py Bf T A : a)szuPA = M. RD

Making assuraptions analogous to the Lagrange assumption, namely
dp de , . .
% -3 0 in the mixture region (R.3)

and

%

= 0 in the ullage region (R4)

and noting the assumption r#(¢) is only a function of time, then

_ U,AV()
“ T Vene ®3)
and
_ UAV(Q)
© V@)AR) ®®

At the intemal boundary defined by the leading edge of the propellant bed we may write the
macroscopic balance of mass in the following form

e (U,-U,) = U.-U,

This result includes the assumption that the density jump across the boundary is negligible, as will always
be the case if the Mach number is small compared with unity, and which is in any case consistent with the
present assumption R.3.




Consider the momentum equations for the mixture region,

1 [ JAgpu dAgpu’ ’ .
A [ ot + oz t &, 307 f, + mu, R
and
1 [dA(-e)pu, . JAU-EPu, N
A [ o ¥ P + (-8, 3~ = fi-th, (R8)
where
f = (ll;-e) o w-ul f ®5)
f 4
and for
gen = P2eUs= Ul
B
and for
N 05 + 77
(s &)
and with €, the initial porosity
C
g, = 1 )
P,V (z,,)
Then
[ 2.5\
REN.(IL fu E<E,
fn = 4
250 [ (1-¢) &T" £ exe
REN® \(1-g) e, = T
Defining .
¢‘ = ¢ - pA’L/C (R.IO)
and
* dlop _ 2APs . 8APws
= Cl(t) - VFMP + MPVF y (R.ll)

dtz
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where

1 1 Vi
_ e — o = - = R.12
C i (m p,V,) Ve - R.12)
and
C m
Ve =V, + Ay (2,-2 = 4+ —
F B (p po) pp pP
dx
m = p, S @
. dx dx
m=p’S-&-‘-+p‘,S7‘—2‘, (R.13)
or
. s (&xY d’x
m=p,z(a—;)+p,$dt:
with
dx
- = n 14
@ ab, (R.14)
and
2 dr,,
4&‘—’-‘; = anP™! v (R.15)
where dP_/dt is determined numerically, or from
dp, = - PV + =
da v
and
. 8.As .
v, = 7“—,- (Py—P,,). (R.16)
Then
P@z) = Py + (af) + a()Pp) Ji2) + bV () (R.17)
in the mixture region, where
’ Eda A
A |op %t D -G P R.18
1) = - )
4 = iy | Ve —C (.18
TN
il




and

CEQ.AZP,
Viz,)eM,

aft) =

pp V(Z b )

and

o Com

b0 = 28,Vz)

* Vi)

Jz) = , 4@ dz,

Vi)

',2(2 ) = Az (Z )’

dinp
i UP] v

U,-Uy f.

¢ = & U, - U, - %‘a [VP+L
. 200,

V(z,)

_ [
(U,-0,] + ¢ oD,

(1-¢)

1-¢_¢‘es
s

L]

o U + (1-9) U
Lo
D = _—eq_ Cl(‘))

LA,
E = - —
1 v,

Also in the ullage region

aP__g[éz+ u
o g Lo "az]

12

(R.19)

(R.20)

(R.21)

Le. ding

dt

(R.21a)

(R22)

(R.23)




and

P@) = P@) - &
-f)
where
A =
Defining the mean pressure as
P

and substituting for V, and d*Inp/dt’,

then

Py, = Py (l_az(t)ll(zb) +

2g,

- atV\(z,) — b(Wfz) -

and

pAsL*

b(t)V(z)

PATR) (Cl(‘) * MYV

[(V, + 2,8) (2-2z,) - (2°-2) %]

d’lnp _ (dinp¥
de? a )

] ["Penex:
J:'A(z)dz

pLA, pL’A&J
M, VM,

pL _ (dinpY | gAPw
L oo - () - 5T

AgpLP,,
M

P

_ pLz _ Qn_g_ > goAgpn.r
: [C‘“’ IR M,Vs

goA:Pn: (dlnp)zj
—_— = | +
dt

AgLay(t)(zy) AgLb(2)(z)

a\(t)Vs(2s)
V(z,)

PASL’P,,

V(z,)

- a(tV\(z) -

Ve T V)

ABpLP res /
M,

(4

b(tWy(z,) -

pA3L? a(t)s(2s)

(1 . AaladtV (@)

Viz,) 2V, )M, V(z,)

LA
+P3

pL’A;

M

4

T 2VeM,

pAsL°A2
Wz, VeM, |

13

2V(z, )M,

- + — a(t)y(2)

(R.24)

(R.25)

(R.26)

(R.2T7)



where
o
Hey = [ Aewexe (R.28)
and
" Vi)
Iz = f el (R.29)
The kinetic energy is
KE = ( l—e) UpAippldes) | & UgAiplia)
.28 Viz) 2 V@)
pAsL ) dinp . (dinp}
62, (3VP + 3V,pL ” + L 7 . (R.30)
The mean pressure over the mixture region is
(a\(t) + at)Ps) btV u(zs)
Py = Py, Ve Jyz,) + V) (R31)

2. CALCULATIONS

A number of propellant charges were simulated with XKTC to probe the influence of chambrage and
velocity lag. The same charges were simulated with IBRGA (input description and listing given in
Appendices 4 and 5) using data bases as consistent with those of XKTC as the physical scope of the
lumped-parametermodel would permit, and using each of the various pressure gradient models. The resultant
maximum breech pressures, velocities, and histories of pressure-time and mean-pressure-to-base-pressure
curves are compared.

The calculations perior aed with XKTC involved data bases with evenly distributed seven-perforated
propellant having an initial porosity of 0.4, zero barrel resistance, and with all the propellant ignited at the

initial instant. All calculations were performed for a flat-based projectile and nominal heat loss.

The parameters used in the computer codes were:

Large chamber simulations:
Bore diameter 127 mm
Volume 9,832.2 cm®
Travel 4572 m
Propellant mass 9.8 kg
Projectile mass 245,9.8,392kg

14




Small chamber simulations:
Bore diameter 28.65 mm
Volume 98.322 cm®
Travel 1.880 m
Propellant mass 098 kg
Projectile mass 0245, .098, .392 kg
Propellant characteristics:
Impetus 1,136 J/g
. Covolume 976 cm’/g
Gamma 1.23
Flame temperature 3,141 K
Molecular weight 23.0 g/gmole
Density 1.66 g/cm®
Burning rate 1.10519p° mm/s (p is in MPa)

Three maximum breech pressures were studied, nominally 517 MPa, 345 MPa, and 172 MPa. The
maximum pressures were achieved by allowing the web to vary, with the grain length kept between two to
three times the outer diameter. Calculations were performed for both bore diameter chambers and right
circular cylindrical chambers with a larger diameter than the bore. Chambrage (defined as the distance over
which the chamber tapers down to the bore area) was 76.2 mm for the large volume chamber, with the
chamber length being changed from 776.22 mm (straight chamber) to 541.02 mm. For the smaller volume
chamber, we had 25.4 mm of chambrage with the chamber length being changed from 152.4 mm (straight
chamber) to 101.6 mm.

3. RESULTS

3.1 Chambrage. The effect of chambrage was assessed at a nominal pressure of 345 MPa using
XKTC. Calculations were performed for a straight chamber to determine grain dimensions corresponding
to a maximum breech pressure of 345 MPa. These grain dimensions were then used with a chamber with
the same volume but heving chambrage. The presence of chambrage was found to reduce the maximum
breech pressure substantially. Finally, XKTC was run with chambrage and the dimensions of the grains
changed to restore the maximum breech pressure to 345 MPa. These sets of grain dimensions were then
used with a version of IBRGA into which the chambrage gradient equation had been encoded. Equivalent
computer runs on IBRGA with the Lagrange gradient are also given in Table 1.

Adding chambrage to the gradient equation in the lumped-parameter code captures the large drop in
maximum breech pressure and the concomitant drop in muzzle velocity seen when chambrage is added to
XKTC. The gradient equation with chambrage also gives the proper amount of increase in maximum breech
pressure and muzzle velocity, as seen in XKTC calculations, when the grain dimensions are changed to
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TABLE 1. Chambrage Calculations.
XKTC Chambrage gradient Lagrange gradient
Max imum Maximum Maximum
Chamber breech Muzzle breech Muzzle breech Muzzle
volume, Chambrage, pressure, velocity, pressure, velocity, pressure, velocity,
cm? c/m mm MPa n/s MPa m/s MPa m/s
9,832.2 0.25 none 345 769 348 775 350 775 .
9,832.2 0.25 76.2 336 764 337 766
9,832.2 0.25 76.2 345 174 346 176 358 784
9,832.2 1.0 none 345 1,352 347 1,363 347 1,363 ‘
9,832.2 1.0 76.2 310 1,303 307 1,308
9,832,2 1.0 76.2 345 1,376 339 1,375 384 1,429
9,832.2 4.0 none 345 1,964 360 1,962 360 1,962
9,832.2 4.0 76.2 268 1,764 273 1,771
9,832.2 4.0 76.2 345 1,964 339 1,990 452 2,184
98,322 0.25 none 345 895 348 880 348 880
98,322 0.25 25.4 337 895 334 872
98.322 0.25 25.4 345 901 341 879 355 886
98,322 1.0 none 345 1,560 347 1,517 347 1,517
98.322 1.0 25.4 308 1,526 305 1,469
98,322 1.0 25.4 345 1,595 340 1,536 387 1,582
98,322 4.0 none 345 2,298 371 2,198 371 2,198
98.322 4.0 25.4 275 2,149 280 2,028
98.322 4.0 25.4 345 2,354 342 2,230 457 2,389
16




restore the maximum breech pressure to 345 MPa. If the Lagrange gradient equation were to be used, a
difference from XKTC of approximately 10% at a charge mass to projectile mass ratio (c/m) of one and
approximately 30% at a ¢/m of four would occur in the predicted values of maximum breech pressure.

The chambrage gradient equation gives caiculated maximum breech pressures, which are as much as
7% high and muzzle velocities low by 3 to 4% when compared to XKTC calculations. The resultant gradient
structure is ilustraied, in Figures 1-6, with representative plots of the ratio of the mean pressure to the base
pressure for both XKTC and the analytic chambrage gradient equation. The figures also include histories
of breech and base pressure.

3.2 Multiphase Flow. The effects of multiphase flow were examined using XKTC. Calculations
were based on a straight chamber; nominal maximum breech pressures of 172 MPa, 345 MPa, and 517 MPa;
large and small chamber volumes; and values of ¢/m equal to .25, 1, and 4. The grain dimensions from the
XKTC calculations were used to define equivalent data bases for IBRGA into which the two-phase gradient
equation had been encoded.

The pressure at which the propellant bums is taken as the mean pressure over the mixture region
instead of the mean pressure over the entire volume behind the projectile, as is conventionally assumed.
Comparable Lagrange gradient calculations are also supplied in Table 2.

The calculated maximum breech pressures and velocities for both the two-phase and Lagrange gradient
for c/m of .25 are in very close agreement with XKTC at all pressures. For calculations at ¢/m’s of 1 and

4, the Lagrange and two phase gradients tend to give close maximum breech pressures, at worst about 6%
different from XKTC.

The history of the ratio of space mean to base pressures for representative two-phase gradient
calculations and for corresponding XKTC calculations is plotted in Figures 7-12, together with associated
breech-pressure and base-pressure histories. The Lagrange gradient would be a straight line with a ratio
value of 1.083 for a c/m of 0.25; 1.333 for a ¢/m of 1; and 2.333 for a ¢/m of 4. The two-phase gradient
equation has the same shape and magnitude of the first peak in the mean pressure to base pressure ratio as
XKTC, with the maximum occurring earlier in the analytic two-phase gradient calculations and the recovery
to the Lagrange ratio value not being as fast as XKTC. The comparison of shape and magnitude of the
pressure ratio histories strongly suggests that the dominant physical processes are captured by the two-phase
gradient equation. In particular, the undulatory character of the curve is seen to be attributable, at least in
part, to the two-phase aspects of the flow, rather than being due to transient or wave propagation phenomena
as might at first be thought.
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TABLE 2. Two-Phase Calculations.

XKTC Two-Phase gradient Lagrange gradient
Maximum Maximum Maximum
Chamber breech Muzzle breech Muzzle breech Muzzle
volume, pressure, velocity, pressure, velocity, pressure, velocity,
cn? c/m MPa n/s MPa n/s MPa m/s
9,832.2 0.25 174 549 177 557 179 557
- 9,832.2 0.25 345 769 348 773 350 715
9,832.2 0.25 518 887 521 891 519 891
- 9,832.2 1.0 173 957 177 970 184 966
9,832.2 1.0 345 1,352 343 1,355 347 1,363
9,832.2 1.0 516 1,593 498 1,556 497 1,560
9,832.2 4.0 172 1,389 172 1,380 184 1,354
9,832.2 4.0 345 1,964 351 1,930 360 1,962
9,823.2 4.0 518 2,391 524 2,290 528 2,306
98,322 0.25 172 641 177 632 179 630
98,322 0.25 345 895 346 880 348 880
98.322 0.25 518 987 514 974 513 974
98,322 1.0 172 1,130 180 1,107 186 1,094
98.322 1.0 345 1,560 343 1,516 347 1,517
98.322 1.0 516 1,756 510 1,703 512 1,705
98.322 4.0 172 1,682 174 1,581 185 1,524
98.322 4.0 345 2,298 360 2,188 3N 2,198
98,322 4.0 518 2,685 545 2,516 552 2,527
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The drop off of the pressure ratio at the slivering event seen inIBRGA calculations may cause numerical
problems. (This event is smoothed over in XKTC since all the grains do not sliver at the same time because
of the different pressure fields seen by the grains, as well as the finite time required for the transfer of
information.) This problem is not felt to affect the alculated velocity significantly, but a smoothing routine
has been incorporated into IBRGA to circumvent any difficulty.

The two-phase gradient equation also has, as input, a multiplier to the friction f ctor. By making this
value small, an approximation to stick propellant behavior can be captured.

3.3 Combined. Table 1 is reproduced in Table 3 with the chambrage gradient equation replaced by
the RGA gradient equation with the appropriate kinetic energy term. As withthe two-phase gradient equation,
the buming rate is calculated from mean pressure over the mixture region.

The shapes of the ratio and pressure-time plots, Figures 13-18, are qualitatively similar to those
produced by XKTC. This reinforces the idea that both two phase and chambrage effects are important factors
in respect to the time-dependent behavior of the pressure gradient. The result of the RGA gradient equation
calculations are in general slightly better, when compared to XKTC, than the corresponding calculations
with the chambrage gradient equation.

One of the RGA gradient equation inputs is a multiplier to the friction factor. By making this value
small, an approximation to stick propellant behavior can be captured.

4. CONCLUSIONS

It is concluded that incorporating chambrage into a gradient equation is important and can make as
much as a 20to 30% difference in predicted maximum breech pressure at ¢/m of 4. The inclusion of two-phase
effects into the gradient equation seems to be well motivated in that a large portion of the structure of the
gradient history is captured.

Atlow c/m’s (0.25), any of the gradient equations will give good resuits; but as the ¢/m gets larger
(>1), the correction for chambrage is required.

The use of the RGA gradient equation offers a natural way to account for stick propellant phenomena
having to do with stick propellant motion and the pressure history in which it bumns.

The use of the proper kinetic energy term for the gradient equation, as well as the calculation of the
mean pressure over the mixture region, should be included in any gradient model when applicable.
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TABLE 3. RGA Calculations.

XKTC RGA gradient Lagrange gradient
Maximum Maximum Maximum

Chamber breech Muzzle breech Muzzle breech Muzzle
volume, . Chambrage, pressure, velocity,pressure, velocity, pressure, velocity,
cm’® c/m mm MPa m/s MPa n/s MPa m/s
9,832.2 0.25 none 345 769 348 773 350 775
9,832.2 0.25 76.2 336 764 336 766

9,832.2 0.25 76.2 345 774 345 115 358 784
9,832,2 1.0 none 345 1,352 343 1,355 347 1,363
9,832.2 1.0 76.2 310 1,303 304 1,300

9,832.2 1.0 76.2 345 1,376 337 1,369 384 1,429
9,832.2 4.0 none 345 1,964 351 1,930 360 1,961
9,832.2 4.0 76.2 268 1,764 266 1,747

9,832.2 4.0 76.2 345 1,964 334 1,964 452 2,183
98,322 0.25 none 345 895 346 879 348 880
98.322 0,25 25.4 337 895 332 872

98,322 0.25 25.4 345 901 340 878 355 886
98,322 1.0 none 345 1,560 342 1,515 347 1,517
98.322 1.0 25.4 308 1,526 302 1,468

98.322 1.0 25.4 345 1,595 337 1,535 387 1,582
98.322 4.0 none 345 2,298 361 2,190 37N 2,198
98.322 4.0 25.4 275 2,149 272 2,023

98.322 4.0 25.4 345 2,354 336 2,222 457 2,389
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6. LIST OF SYMBOLS

foor
f s¢?

porosity defined as the volume of gasftotal volume
particle shape factor for gas flow resistance
viscosity of gas

density

propellant density

mass fraction bumed

area at position z

tube area

total charge mass

effective diameter of the propellant grain, i.e., 6* volume of propellant grain/surface area of
a propellant grain

interphase drag

baseline friction factor

dimensionless friction factor, a function of Reynolds number and particle shape
grain diameter

grain length

a constant to reconcile dimensions

the distance between the leading edge of the propellant bed and the base of the projectile,
ie, L = (z-2)

rate of combustion of propeliant
mass of propellant bumed

mass of projectile

molecular weight of propellant gas
pressure

projectile base pressure

breech pressure

mean pressure

resistive pressure

universal gas constant

particle reynolds number
surface area of the propellant
gas temperature

time

velocity
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U, gas velocity on the mixture side at the leading edge of the propellant bed, i.e., u(z,)
U,, gas velocity on the ullage side of the leading edge of the propellant bed

propellant velocity

velocity of the leading edge of the propellant bed, i.e., uz,)

V(z), volume between the breech face and position z

A/ free volume for gases to expand into

V. initial empty volume of chamber

A velocity of the projectile

X, distance bumed into the propellant

z, axial position measured from the breech face

Zy, position of the leading edge of the propellant bed
z, position of the base of the projectile

Zpr initial position of the base of the projectile

' derivative with respect to time

“ second derivative with respect to time
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APPENDIX 1:
INFLULNCE OF CHAMBRAGE
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The following, is work by Gough (Gough, in preparation) with modifications and elaborations by
Robbins.

Influence of Chambrage. For the effects of chambrage on the form of the gradient equation, the
propellant is assumed to be uniformly distributed between the breech and the base of the projectile, and all
variations in tube area arc confined to the chamber.

The continuity and momentum cquations for unsteady flow of a homogeneous inviscid substance
through a tube with variable area are

: 2,12 €.
P %5:- + pu%% + g,%—g = 0 (C2)
Making the Lagrange assumption
%zg = 0, (C3)
then C.1 becomes
%-‘} --£ (%";‘i). €4
The density may be written as
p = vﬁ,)' (€5)
Differentiating (C.S), we get
2 -- %) (22
But,
Viz,) = V) + (z,-2,) A , c.n
’ and
P ap, = Ay, €9
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therefore,
%tg = %%‘i)’i. (C9)
But,
p = -—C—*.
V(z,)
therefore,
%t‘l ':f(‘:’; (€.10)
Substituting (C.10) into (C4), we get
- % - - % (%"z_".) (€ 1)
or
A ‘;2:’)’ agz“ (€.12)
Integrating (C.12) with u(0) = 0 and noting that V, and V (z,) are functions of time only,
ACuE) = Au = ':,;:’) [ ae0a = A—"Y—Z:)ﬁ (€.13)
Therefore, the velocity u at a given time is given by:
= (%) (X_%) (C.14)
Note that if A = Ay, then V(z) = Agz, then u = (z/z,) V,, as for the Lagrange gradient. (C.15)
The pressure distribution follows from the momentum equation (C.2)
8, %g =~ P (%‘ti + u%iz‘-) (C.16)

Differentiating (C.14), we get du/dt and du/dz for substitution into (C.16).
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To get du/ot we differentiate (C.14), noting that only V, and V(z,) are functions of time and

av(z,) _ AV(z,) + (2,~2,) As)

= " = A, = AV, €.1n
then
u _ AVVE) [ AV,VE) v(z,)
ot A@)V(z,) A2)Viz,) ot
AV, V(z) ARVV(z)
= - . .18
AGVG,) ~ AGViE) €19
Tc get du/oz, we differentiate (C.14), noting that only V(z) and A(z) are functions of z and
d 'A(z)dz
wve)  “J _
5% = = = A(2), (C.19)
then
21_4_ _ AV,AQR) _ AV, V(z) (ﬂ)
z = V(z)A() ARV, ) \dz
_ AV AV,V@) (éﬁ)
T Ve T (A’(z)V(z,)) &z | €2

Substituting (C.5), (C.14), (C.18), and (C.20) into (C.16) yields

P __ CAVEW, | [CV’(z)V:AZ) (%) 21

. % T T Aevi) A’eWVe,) | \oz)

Integrating (C.21), and noting V, and V(z,) are functions only of time, then

8 f oP

&(P@) - PO)

_ CAV, [ V()
Viz,) o AQ)

CVes [+ (Vi) (éé)
* Yy [ (A,(z) =| @ €22)
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Noting
t (Viz) (E)A J r V() V¥(z)
el — i dz = 20 dy - XL
J; (Aa(z)) oz o A(2) 24%(z)
(from integration by parts), then (C.22), the pressure distribution behind the projectile is

_(cavi cav,)
8 P - PO) = (V’(z,) Viz) ) Jy(z)

CVoAs
- Jy(2), C.23
2V3(ZP) z(z ) ( )
where
L %
o = [ 33 a, €24y
which can be evaluated algebraically or numerically if V(z) and A(z) are known, and
Ly = e (C25)
2\ A2 (Z) . .
Rewriting (C.23) in the form
Pz) = PO) + a@lyz) + bV z) (C.26)
gives
1 [CAV? CAsV,
t) = — - 2
a() 8. [ V3(z,) Viz,) (C.27)
and
CVsA;s
b(t) = - . .
® 2.V, (C.28)
Defining the mean pressure in the chamber to be
nl’
Jo P(2)A(z) 1z
P, , (C.29)

i f " A
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then using (C.26),

[7 PO + atwe) + bonen Aok

P, = t
J;’ A(z)dz

PO [ b

Fu = V@)
aw [ reuew
* V@)
b [ nemex
¥ Vi)
or
Pnl - P(o) + V(ZP) "3(2’) + V(zp) J‘(zp)
where
Hey = [ aevea
_ ([ Y®
- J. ( A(x) dx) Ale)s
and
Lep = [ Aeye

_ (" Yo
- J; A(z) dz,

(C.30)

(C.31)

(C.32)

(C33)

(C.34)

and where, if A(z) and V(z) are known, J,(z,) and J,(z,) may be evaluated algebraically or numerically. The

acceleration of the projectile is given by

Substitution into (C.27) gives
a@t) = at) + aft)P,
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where
0 = e (355 + )
and
2
at) = - ;f;% (C.39)
Substituting (C.36) into (C.26) and (C.32) and noting Py, = P(0),
then
Py, = [1-atV\)IPy—atVy(z,) - b()yz,) (C39)
and
P, = B, + GO ;(z,;h(tw'] Iz) + vi(% 1) (C.40)
Substituting (C.39) into (C.40) and rearranging terms,
P, = (1 - at)\@z,) + ﬁ%:'(-)z'e-)) Py — a(t)y(z,)
- b(Vz,) + ﬂ‘%’z—:’%z’—) + -b—(ggg—’l. (c4n
Solving (C.41), we get Py in terms of P,
P+ a) + b - 2O 2CH)
Py =
1 - a(Vie) + -ai(;t,—()%z—’z (C42) .
Therefore, assuming the mean pressure, P, can be calculated from an equation of state, then (C.42) will -

give the projectile base pressure, Py, The breech pressure, Py,, is calculated from (C.39) knowing Pg. The
pressure distribution is given by (C.26).
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The evaluation of J,(z,), J,(z,), Js(z,), and J,(z,) can be simplified by noting that the variation in area
is confined to the chamber and, therefore,

V@) = V@) + Ay(z-z,,), for z2z,, (C43)
and
y = ["Ye . o (" Ve v V)
Iz) = , 4@ dz = J; AG) dz + L AQ)
_ P V(ze) + Ay(z-z,,)
= Jiz,,) + J;” Y 2) 4
1 -
= A + o (V(z,,) @,-2.) + 1"—("—2-32’_2) (C.44)
_ Z_z@ - [V(zpo) + A'(Z"'Zp,)lz
Jfz,) = A’(z)"' = A2 ) (C.45)
Ie,) = f ’ ( ;g-; dx) A@)iz
(" ™ ) LN {0))
J; (o A(x) dx} A(Z)dz + ‘[’. (o :4—(';)' dx] Aﬂdz
= Jyz,,) + ’[’ (J,(Z,,) + Al, (V(z”)(z -2,) + f}zﬁ (z —zp,,)zn Ay
= ) + A -z + Lom) ;”-z"‘)z
A
t 5 G-z (€ 46)
_ (" Y . _ (* Ve " Vi) + Az -z,)P
- W = |y e s | R v [ TR,
7 a - 3 __v3
- -,4(2”) + [V(zpo) ' AB(zp zpo)] V(zpo) (C,47)

342

Equations (C.44) - (C.47) require the evaluation of the integrals J,(z,,) - Ji(z,,) only once.
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s

dV = A(z) dz, then

and from (C.5),
_ <
P = V&Y
and from (C.14)
w = ABVPV(Z)
T V@EARY
therefore,
V’Vz(z)
8KE = dz
2 f AWV,
_ CAY, ( v Vi)
T W) [ % @)
or
_ CA HA s
T 28,V(z,) )

38

g.KE =%£' udm =%fo' u’pdV =%fa' wpA(z)dz

The kinetic energy (KE) of the gas/solid mixture will be required, and since p dV =dm and

(C 48)

(C.49)




APPENDIX 2:
INFLUENCE OF PROPELLANT VELOCITY LAG
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The following, is work by Gough (Gough, in preparation) with modifications and elaborations by

Robbins.

Influence of Propellant Velocity Lag. For the effects of the propellant velocity lag on the form of
the gradient equation, the propeliant is assumed to be uniformly distributed between the breech face and

the leading edge of the bed, with the leading edge of the bed being initially at the base of the projectile.

The tube diameter is the same as the bore diameter.

The continuity equations for each of the phases in the mixture region are

dp . depu
ot oz

J€ d [(1-€) p,u,l ,
p,,é't'— % Pr = m(t).

= r1h(t).

Making assumptions analogous to the Lagrange assumption,

0
5‘22 = 0 (gas density constant throughout the tube)
% = 0 (porosity constant throughout the mixture region)

and noting the assumption that siz(¢) is only a function of time, then from (L.2),

d€ d (I-¢) p ou
B3 4 ———é;——-ﬂ - (1-¢) p, —a;‘l = ().

Noting (L.4), then

0 (1-¢
up ___(_a_z__?.__eg = 0.
Therefore,

ou oe
(1—8) pp —af = pp _a'; - m(‘) = f(t)
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(L.1)

(L.2)

€3)

(L.4)

(L.S5)

(L.6)

L.7



and
d
P x — m)
u,(z) = fau, = L(Ta‘ZE)'T,—' z + f)
Since u,(0) = 0, then f;(t) = 0, and
o
P 3 — M)
u(z) = U, = —’_(12‘:—&‘;_6:— 2y,
or
.gl P, ¥ — rt)
% (1—8) Pp
Substituting (L.9) into (L.8) gives
u(z) = —-f z
From (L.1),
% % 9 au _
at+u(paz+eaz+epaz m(t),
and using (L.3) and (L.4), then
%
wu % t r(t) ) )
% - e (a function of time only).
Integrating (L.11) gives
o
- 5 + nm@)
u@z) = fau = "ep © . £@).
Since u(0) = 0, then £,(t) = 0, and
dp
- = + m()
uiz,) = U, = & p” z,
or
u _ - 0]
Z, €p '
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(L.10)

L1y

(L.12)
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Substituting (L..13) into (L..12) gives
U
uiz) = =% 2z, (L.14)
2

At the intemnal boundary defined by the leading edge of the propellant bed we may write the
macroscopic balance of mass in the following form

e (U,~-U) = U,,~U, (L.15)
This result includes the assumption that the density jump across the boundary is negligible, as will always
be the case if the Mach number is small compared with unity, and which is in any case corsistent with the

present assumption L.3,

Also, in the ullage region, the continuity equation is given by

ap dpu
%t 3 < 0. (L.16)
Using (L.3), we get
w _ _ 1 a_p) (a function of time only) (L.17
% o |3 n of time only). BY))
Integrating (L.17) we get
1 {d
ue) = - 3 (d—‘t’) z + £ (L.18)
Using the boundary condition
u@z,) =V, (L.19)
gives
u@) = V, + @-2) %’%‘3. (L.20)
Evaluating (L.20) at z, gives
_ L (dp) _ dinp
U‘*_Vp+p(dt)_V’+L T (L.21)
Eliminating U,, from (L.15) with (L.21) gives
€ U,-U) =V, + L ‘%’:9 -, L.22)
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or

1 dinp .

) v, = U, + P (VP + L —"t— - UP). (L.23)
Differentiating (L.23) yields

1-¢ £ dinp
u, = - UP (T) - -8—2 (VP L T UP)
v, L (d’mInp L (dinp
+ —E- + -8- [ P ) + € (_lit_ . (L24)

We anticipate the need to factor out the base pressure Py dependence of both V, and d*Inp/d:? .

The projectile acceleration is given by

V - goABPB - goABPuf
P MP MP ‘

(L.25)

To get the base pressure P, dependence associated with d*Inp/-t?, we start with the definition of
the gas density

p = (L.26)

where m = mass of gas burned and Vg = free volume. Therefore,

Ve =V, + A @z - = + O €27
P P

and

Ve = A2, + — = AV, + = (L.28)

pp pP

and

Ve = AV, + = (L.29)

Pr

”

where it is understood «hat m/p,,,rir/p,, and ri/p, may be in the form )R Wiy Zi, where the i
P P P Pr, P, P,

index refers to different propellanis.
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From (1..26) we get
Inp = Inm - IV, (L.30)
and
dinp m Ve
¢y _ o F L31
and
d*Inp rit Ve Vi
= = - & o L 4 = L.32
. dr* m m? Vr V2 ( )
Substituting (L..29) and (L..25), we get
d’Inp 8A3Ps  8oAiPres
= - L.33
dt2 Cl(t) VFMP + V,:Mp ] ( 3 )
where
o (1 1 N Vi m*
¢ = - - —_ - —.
‘ "o\m T Ve Vi om
We still require /27, which we get from
, dx
m = p, S & (L.34)

where S is the surface area of the propellant and dx/dt is the burning rate of the propellant, where dx/dt is

of the form
dx n
T aP;,. (L.35)
Therefore, from (L.34),
. dx d*x
it —p‘l,Sdt+p,,Sdt2
s {axY d’x
= P I (Et-) + p, S L (L.36)
and from (L.35),
dzx n-1 de
. v anP,, p (L.37)
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where dP_/dt is determined numerically or from

ap, - RV o+ =

it v

Also defining ¢ as the mass fraction of propellant burned, then

_ ¢C —pA,L _ ¢.C -

P = "W T e (£.38)
where
3 pPAsL
o = ¢ -~ C (L.39)
and
_ (-6
Pe = -V €40
Differentiating (L.39), we get
PO ) dinp
b = ¢ - (L + = ) (L A1)
Solving (1..40) for €, we get
(1-¢6)C
1 - =,
£ 0.V (z) (L.42)
Differentiating (L.42) and noting that
V@) = V() + (2,-2,,) A, (L.43)
and, therefore,
V) = 2,A, = U, (LA44)
then
& (1-9) CV@) = §C (1-9) CUA, .
Ve T eV eVa T oV (©43)
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We now have the quantities which are required for the solution of the momentum equation from which

we get the pressure distribution in the mixture region.

Consider the momentum equations for cach phase

o depu® oP
ea‘:u+eapz“+eg0§;=—f,+rhu,
3 (1-¢) p,u, 3 (1-g) p,ul oP )
3 + % + (1-¢) g, % - fi - mu,
where
_ (1-¢) R
f.; - Dp p (u up) f:c
and
[ 2.5M
REN.ml f;o £<e"
fe = 1
25, ((1-¢ &)“
LREle ((1-6,) 5) f:on 8250
where
N 05 + % >
"G ey
and

REN = pD,|U,~U,l/p

Adding (1..46) and (L.47), we get

. P _ depu _ d (1-¢) pu, 0 gpu’ 0 (1-9) T
° oz ot ot oz oz
or
oP d d
8 3 =~ 3 [ + (1-9) pu] - 5 epu® + (1-9) pu3).
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(L.AT)

(L.48)

(L.49)

(L.50)

(L.51)

(L.52)



. -

From (L.10) we get u(z) = U,[z/z,), from (L.14) we get u(z) = U [z/z,], from (L.38) we get

_ 9C-pAsL - ¢.C
- V(z,) Viz,y

and from (L.40) we get

(1-¢C
V@)’

(I-&p, =

which, when substituted into (L.52), yields

¥ _ _ 3 (eCUz (-9 CUz
& z ot \ V@ V(z,)zs
3 [eCU;z  (1-¢) CU;?
T & (V(z.)z: Y T Ve ) €59
Differentiating (L.53) and noting z,, V(z,), ¢+, ¢, U,, and U, are functions of time only and that
2, = U, V@) = AU, and V(z) = A; 2, we get
P U, + &U, + (1-0) U, - U,
% = % [ V()
, € U, + 1-9) U 4
V()
, € U, + (-0 U) V)
vaz(zb)
_uC U + (1-6)UA L5
z,zV(zb) ’
or
P _ ( . B iy
& % T T Ve \¢.U, + 6U, + (1-0)U,-bU,
_ U, + (-0,  #U, + (1-9U,IU,
2 %y
2 a2
+ 2 +z d ¢)U"]) (L.55) ]
b
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or
aP zC . 20.U, (U, - U,)
& 3 = 2V (@) (¢-U‘ + ¢.U, + (1-9)U, —¢UP + ” . (L.56)
To get U, for substitution into (L.56), we use another form of the solid phase momentum equation
d d . A
5 > L P 4 (L.5T)

a T % T e, % T e,

and noting that at z = z,, ou,(z,)/0t =U,, and that 9U,/0z =0 (since Uy, is a function of time only), then

: g oP 5
u, + b, % iz, = TEER (L.58)
Substituting (L.48) for £, in (L.58), we get
_ P (U‘—U’)z §.€. é’: .
U, = —___D,,p,, Lo o azlz,,. (L.59)
Substituting (L.24) into (L.56), we get
o € v, (1-¢) .
5 oz 2,V(2) (¢. e € U, ¢
[ dinp Lo, d’inp
& ¢. (VP L 7 U,) + < e
oL al . .
= —d':ﬂ + QU + (1-0) U,-$U,
20.U
” : (U,—U,)). (L.60)
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Substituting (L.58) into (L.60), we get

oP 2C v, o
g 3% T 7 z,V(2,) (¢' £ + 0U,—-9U,
- dinp _ oL d’lnp
- @ (v, L & u,) L L
oL dinp 20U, 0.0 .
v = WU v p UUT L
8. OP )
T, 1B (L.61)
or
oP 2C ¢, oP
S % T T Ve ( T p ”») (L.62)
where
= ’ &Yﬂ L¢. d‘lnp
6 = ¢ + € + € e (L.63)
and
, O dinp
¢, = ¢.U' - d)UP - -8-2— (Vp + L —dt—' - UP)
oL dinp 20U, o0 )
T dt + 2, (UE—UP) + Dppp (Ul_Up) fu (L640)
and
o = 1-0-0. =2 (L.64b)

To get %;I z, for elimination from (L.62), we evaluate (L..62) at z, and solve for %’I z,. (L.62)
evaluated at z, is

oP _ 3,C 8 P
& azlzb = = ZbV(Zb) (¢l_¢2 pp az Izb) (L'65)
or
aP Cc
LA . (L.66)
8.V () (1 - ;’-v'(,—.,)
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Substituting (L.66) back into (L.62), we get

g oP = - 2 ¢ + ®2.L% *C (L.67)
° oz 2,V(z,) Pp8oV(2s) (1 ‘p’va,))
or
oP 2C L
@ - _ /,,z L.68
oz 8,2,V (z5) [ 1- ’72—.)} (L.68)
or
P
%z_ = — k(e (L.69)
where
K k S . L.70
) = k = 8.2:V(2) 1_"!’;;,) . (L.70)

k, depends upon the base pressure Py = P(z,) (one of the values we wish to solve for) through V, (the
acceleration of the projectile) and also through (d*Inp)/(dt?).

Substituting (L.25),
vV o= 8.AsPs _ 8AsPre
P MP MP
and (L.33) into (L.70), we get
C ¢’ +D —EP,,,+EP,
kx = goth(zb) (1_ oC T (L.7l)
va(l.)
where
Lo.cy(t
p = ) €72
£
and
_ ¢. LAg ) g.As
E = < |1- v, | M (L.73)
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or
k, = kyPg + ky
where
_ CEk,
neo 8.2V (2»)
1
k2 = “C
~5e
and
@ + D) Ck
kl?. = gosz(Zb) kll Pn.r‘
Therefore, (L.69) becomes
aP
F = = (kyPp + ki) z.

Integrating (L.78) gives us the pressure distribution in the mixture 0 <z <z,

kyPy+ky,
—_— 7.

(L.74)

(L.75)

(L.76)

()

(L.78)

(L.79)

P(z) = P@O) - )
We now need the pressure distribution in the ullage region. For the ullage region, the momentum
equation for the gas is
’ __p (a_u . u a_u)
oz g \ ot oz )

The equation of continuity in the ullage region is

du 1 dp dinp

oz p dt dt -’
Integrating (L.81) and noting (dInp)/dt is a function of time only, we get

dinp

uz) = - —d—t_ z+f(1)
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with the boundary condition,
dl
u@) =V, = -z, 8+ f0) (L.83)
Therefore
dinp
f&y = Vv, + z, —= (L.84)
and
uiz) = - L‘%E z+V,+z, _d%g = V,+(z,~-2) ég:_D (L.85)
Differentiating (L.85) gives
u . d’Inp dinp
> = V, + (z,~2) - t, — (L.86)
or
ou d*inp dinp
% - V, + (z,—2) Fm + V, 2 (L.87)
Substituting (L.81), (L.85), and (L.87) into (L.80), we get
oP p (. lnp dinp
-a—z— = - *: (VP+(ZP-Z) 7T + Vp -—5—
dinp dinp
- (Vp+(z,—z) T) (T)) (L.88)
or
oP p . d*lnp dinp }
3z = 3 (VP+(ZP—Z) d12 - (ZP—-Z) '—Et"- s (L.89)
*ntegrating (L.89) from z, to z and noting z,, V,, and Inp are functions of time only, we get
_ P | (z,—2) (d’Inp
@G-z (dinpY) .
, + o1 €.90)




. -2y .
P@z) = P(z) - f: (sz - (—z’—zl A) Is, (L9
where
_ d’Inp dinp Y
A = v (dt ) (L.92)

Therefore, we get the pressure distribution in the ullage region as

P@) = P@) - f— (V,(z-z,,) + G-z} - @-2) %) L93)
or
P 2 2, A
Piz) = P(z,) - ? ((V,+z,A) z-2,) - (2°-2z) -i) (L.94)
Defining the mean pressure P, to be
["Penex
P, = —-—’—-——— (L.95)
J; A(z)dz
and, since A(z) = Ay is a constant, then
J:.P(z)dz + f’P(z)dz
P, = . : (L.96)

Zp

Substituting the pressure distribtution in the mixture region {L.79) and the pressure distribution in the

ullage region (L.94) into (I..96) to get the mean pressure, and noting that P(0) = P, (the pressure at the
breech) we get

p - L U" (p,, _ (uPatKy) ) &
zp o 2

+ f ’ (P(zo ~ gﬂ [(V,H,A) €-2) - @*-z) %D dz) 97 -

> o
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or
kuPs +k
P, = [P.,z, - (-‘—‘—%———’2 7 + P@) (5~2)
- L((V +z.8) (z,~2,)
280 M p b
A 3 3 2
-3 (z,-2) + zA (z,—z,,))] Iz,
or, since L = z, - z,,
_ %y kuPyzs kuz; P(z)L
Pn—szp—&r—&p+zr
- 2
2%, (V,+ 3 AL).

We need to substitute for P(z,). To gct P(z,), we evaluate (L.79) at z, and get

2 2
P@) = P, - kuzsz b _ k,;z,, '
Substituting (L.100) into (L.99), we gct
_ 2 kuziPs kizy
P = Pa z, 6, 6
+ L p ky2iPy kiz} _ pLZV, _ PLaA
4 P br 2 2 2gozp 38 ,2’ ‘

Substituting (L.25) for V', and combining terms, we get

kuzy  Lkyz? pm,]
P, = P, + P, |- - -
o * ( 62’ 22? hPMP

pLzABP ra kuz: Lknzg pL’A

2M, 6, 2z, 38,2,

Evaluating (L.94) at z,, we get

Pey = Pa) - £ [W5 6w - G- 3]
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and substituting (L..100) into (L..103) and noting L = z, - z,, we get

P ky,22P, kyz2 pLV, pLz,A

2 2 8. g

P(z,)

|
<

2 2
+ - (Zp—Zb)

21>

Substituting (L.25) for V,, and collecting Py terms for (L.104), we get

kuz; pLA, kuzy PLAGP, .
pLz,A A .
8 2, &

or

_ kuzs pLA, Kz pLARP,,,
0 = Py+Py (—1— R 2 + M,

4

Subtracting (L.106) from (L.102) to eliminate Py, and get Py in terms of P,,, we get

kyzd Lk, 22 LA kyz2i LA
PL?A,P,,, knza  Lkpze  kyzi
M, 6, 2, T 2
_ PLAPL  pL’A (1_ pi4 )
M, 2, 3%, )

Noting the dependence of Py in A, we use (L.92)

2 2
A = dh:p - (é’_"ﬂ)
dat
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“—-——-—-——r

or, substituting for
d*Inp
dr*
from (L.33) and elminating V, with (L.25), we get

2P P 2
A = o) - APy  gAsPr (g_lgg). L.108)

VeM, M,V dt
Substituting (L.108) into (L.107) and collecting Py terms, we get

bz, Y T mm, Tt Tt H,

P [ kuzy Lkyz; pL’Ag kyzi pLAg
. |- -

A;pLz l___z_L_'_ ] + klzz: pLABPru klzzbz Zp
2V:M, 3z, )| -

2 M, 2,
pL?AgP,, pL? . 2L dinp ¥
Bre o= 4y - | &8

¥ ZZPMP * 280 [ 32p Cl“) dt

AlpL? ( 2L
1-— . .
t oy, (T3, ) P (L.109)
Substituting (L..108) into (L.106) and collecting Py terms, we get
kuz: pLAB A;pLz klzz: pLABPu,
P, = P - -
B s [1 YT Y m, T wa) T2 M,
pL? dmpY) | AL’
+ it - | — + P,. L.11
ng Lcht) ( dt ZVFMP res ( 0)

Equation (L..109) gives Py in terms of P,, (which is determined using an equation of state) and then
(L.110) gives Py, in terms of Py,

The kinetic energy (KE) of the gas and solid will be required. The kinetic energy is given by

g, KE = % f’ w’dm (L.111)
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where u is the velocity and dm is the differential of mass; and since pdV =dm and dV = A(z) dz = Axdz,
then

IR 1 f 2
g8, KE = 3 J; udm + A udm
or
1 % 2 1 Y 2
g8, KE = 3 (1-¢) fo u,p,Agdz  + Ee fo upAgdz
1 (* ,
v o [T wotse, €112)

b

Substituting (L.10) for u,, and (I..14) for u in the mixture region, and (L.20) for u in the ullage region, we
get

1 UZ 1, € pAgUz 1, )
8, KE =§(1—€)D,An-zb§£ zzdz+-2——~;?—‘£ 2%z
A T 2
+ BZ— f ’ (V‘,+(zp—z) ‘”—d’:ﬂ)dz, (L.113)
n
or
Apz, 2 2
& KE = —= [&U; + (1-8) p,Up]
A din 3 z
- g;‘in'l (Vp+(zp—z) —d—tﬁ) . (L.114)
&
or
Aszy 2 2
KE = 6 epU; + (1-8)p,U,]
pABL 2 dlnp 2 dlnp z
—_— — | |. a1
+ 6. [3VP + 3V,L o + L ar . (L.115)

It would appear that the pressure used in evaluating the burning rate should be the mean pressure over the
region occupied by the propellant.
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The mean pressure over the mixture region is

o ["Penex:

= . (L.116)
J; A(z)dz

and since A(z) = A and using the pressure distribution in the mixture region given by (L.79), then

AB J;ln (PB, _ (k"l’.2+ku )zzyz

P, = ~ (L.117)
Ay f &
or
ki Pg+k
Py = P, - (—“—%——i) 22 (L.118)
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APPENDIX 3:
COMBINED INFLUENCE OF CHAMBRAGE AND
PROPELLANT VELOCITY LAG
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The following, is work by Gough (Gough, in preparation) with modifications and elaborations by
Robbins.

For the effects of the propellant velocity lag and chambrage on the form of the gradient equation, the
variation in area is assumed confined to the chamber of the gun and the propellant initially uniformly fills
the chamber.

The continuity equations for each of the phases in the mixture region are

Jep 1 depud

3 + 1 % = rm(t) R.1)
de 1 d (1-¢€) puA o
b5 - 7 = = (). R2)

Making assumptions analogous to the Lagrange assumption,

g—g = 0 (gas density constant throughout the tube) R.3)
de . : .
% - 0 (porosity constant throughout the mixture region) (R4)

and noting the assumption that ri(t) is a function of time, then (R.1) becomes,

dp  E A _
50ty s = ), (R 4a)
or
aua _ (m0-2)a 75
az - w . *

Integrating R.S and noting that the right sidc is a function of time only except for A which is a function of
z only, we get

uA = f(l)fAdz + k(@) = f@t) V(@) + k@) (R.6)

Applying the boundary condition u(0) = 0 implies that k(t) = 0 since V(0) = 0.
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Also u(z,) = U, implies that

_ UAG)
f(t) - V(Zb) ) (R.7)
and, since A(z,) = A,
U,AzV(z)
= L% R.
“e) = AoV ®®
Also (R.2) becomes after using (R.3) and (R.4)
& _ (1-9p, WA _
b3 - A == = ) (R9)
or
. 3
duA  m)-pPp35 R.10)

2z  (1-¢)p,

Since the right side of (R.10) is a function of time only except'for A, which is a function of z only, on
integrating, we get

wA = f0fAd + kO = FOVE + kO, (R.11)

Applying the boundary condition, uy(0) = 0 implies that k,(t) = 0 since V(0) = 0.

Also u(z,) = U, implies that

U,
£ = ————;f(‘z(:)"), (R.12)
and since A(z,) = Ay,
_ UPABV(Z)
u,(z) = X(-;W—(z:)-. (R.13)

At the intemal boundary defined by the leading edge of the propeliant bed we may write the macroscopic
balance of mass in the following form .

€ (US-UP) = U:+ - U

A (R.14) .
This result includes the assumption that the density jump across the boundary is negligible, as will

always be the case if the Mach number is small compared with unity, and which is in any case consistent

with the present assumption R.3.
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As with the velocity lag derivation, the ullage region is the same.

That is the continuity equation given by

o , dpu

FTER vl 0, (R.15)
and using (R.3),
-312‘- - - -:; % (R.16)
. where the right side of (R.16) is a function of time only.
Therefore,
u = - % %’- z + fit) (R.17)
Since u(z,) = U,,, then
Upe = = % % z + f) (R.18)
and since u(z,) = V,, then
vV, = - % %% z, + ff1). (R.19)
Subtracting (R.18) from (R.19) and notirg
1dp _ dinp
p at dt
we get
. U,, = %tm (z,-2) + V, (R.20)

Also solving (R.19) for fy(t) and substituting into (R.17), we get

u@) = V,+(@,—z) %—p-. (R21)
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Eliminating U,, from (R.14) with R.20) gives

dinp
e (U,-U) = V,+L & U,
or
U,=U,+1(v,+1.%':—"--u
Differentiating (R.23) yields
-€ £ dinp
U, __U”(e)_é[v’”' 5
v 2
o Lo L odlne L dinp
£ E dt e dt

We anticipate the need to factor out the base pressure P, dependence of both V, and dAInp/de,

The projectile accleration is given by

_ 8AsPs _ 8:AsPres
P M, M, °

P P

(R.22)

(R.23)

(R.24)

(R.25)

To get the base pressure Py dependence associated with d’lnp/df® we start with the definition of the gas

density
= n
p - VF
where m = mass of gas bumt and Vg = free volume.
Therefore
Ve =V, + Ay (2,-2,,) <
Pr
and
VF-~A,,2‘I,+—”1=A,,V,,+-”l
Pp ?
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and
Ve = AV, + — (R29)
Pp
where it is understood that
m m m
- ) nd -
0 b,
may be in the form

my m, mii;
Z-—’ 2__-’ and 2—-
pP‘ pr pPi

where the i index refers to different propellants.

From (R.26) we get
inp = lnm - IV, (R.30)
and
dinp h Ve
& - m v, (R.31)
and

dhmp m oM Ve Vi
o =;—-"—li--‘7p'+-‘-ﬁ. (R.32)

F

Substituting (R.29) and then (R.25), we get

dzlnp _ goAgpb gaAgprn
= = G0 - VM, T MY (R33)
where
1 1 Vi 1’
C() = m {— - + = - .
@ = (m ppr) Vi om

We still require 7, which we get from

. dx
m = p,S X (R.34)
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where S is the surface arca of the propcllant and dx/dt is the buming rate of the propcllant where dx/dt is of

the form
dx "
i ap,,. (R.35)
Therefore, from (R.34) we get
. dx d*x
i o= p,8 Z + 0,8 i
ds (dxY} d>x
and from (R.35) we get
2,
dx _ aprt Pn
- an P, — (R.37)
where dP_/dt is determined numerically or from
MRT TRm P V
Py m tw P
a v

Also, defining ¢ as the mass fraction of propellant bumed, then

_ oAl 6C
= Ve T Ve (R38)
where
ApL
o = ¢ - "g (R.39)
and
1-
(1-¢) p, SW%))_C' (R.40)
Differentiating (R.39), we get
A
o= b - 25'1 [L+L -"%9]., (R41)
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Solving (R.40) for g, we get

a-ec
- ———— R4
e =1 - SV (R42)
Differentiating (R.42) and noting that
V@z,) = V@) + (2-2.)A8 (R.43)
and therefore
V(z,) = 2,Ay = U, A (R.44)
then
i = oC . (1-¢) CV@z)  &C . (1-9) CUpAa_ (R45)

P,V () V@)  PV(@) prV(@)

We now have the quantities which are required for the solution of the momentum equation from which we
get the pressure distrubtion in the mixture region.

Consider the momentum equations for each phase

1 [0A dAepu’ oP
Z[;tpu+ ;fu]+eg,§-z—=-—f,+mu, (R46)
- _ 2
% [GA (1 af) Ppldp + 0A (la:) ppup] + (1-¢) g, %}2: = f - mup (RAT)
where
1._
= 82 pu-urs R 49
4
and
[ 25\
EETVE fo €<E,
ft: = 9
25, ((-¢ &)
| REle [(1-8,) —S-) so? £->-€a (R49)
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where
. {0.5 + %T"
=7 Tays
(15 &)

REN = pD, |U,~U,| /.
Adding (R.46) and (R.47) we get

oP

d
& % 3% [Aepu + A(1-e)p,u,]

Yl =

[Aepu® + A(1-g)p,ul.

o | =

From (R.8) we get
U 'A3V(z )
ARV (Y

uiz) =

from (R.13) we get

_ U PAB V(Z )
@) = W)
from (R.38) w= get

.C

V(Zb),

and from (R.40) we get

_ - (-0C
=9 % = Ve
which, when substituted into (R.51), yiclds

oP

8 3

1
A Vi(z,) Vizy)
9

Viz)A(2) V(z,)A2)

19 [QCUMIVG)  (1-9)CUMIV)
T A oz +

70

9 [q».CU,A,V(z) + (1-9)CU,A5V(2)
ot

|

|

(R.50)

(R.51)

(R52)




or

———
= e me—p—

Q_I: CAV(z) 9 ¢°U: + ( "‘@Up
g ot T Az o | Viz) Viz,)

CA; 3 [¢.u:v2(z) (1—¢)U:v2(z)]

oz | AR A(z)

T A@WVz,) Oz ®>9)

Performing the indicated differentiation in (R.53), we get

Viz,)  Viz) Vie) Vi)

. 3% ° A(2)
1-9U, ) (1—¢)U,V(z,,)]

aP _ CABV(Z) [ d’oU. + ¢‘U‘ 2 ¢'U‘V(zb) ¢Up

Vi(z,) V()

CA;
A@)V(@)

2
00 + (-0U o (‘; (‘:)’). (R54)

Noting that, since
V(z,) = Viz,) + Ag (2,—2,), (R.55)

and therefore
Vi) = Ay = AgU, (R 56)
and since 9V(z)/dz = A(z), and A(z) and V(z) are function of z only,

2
El (V2(z)) - e - Ve dAe) .

dz \ A(z)

then

. UA .
& 3 A0 u + 6U,-2 —— - WU

s

P CAV(2) [q,,.

(1-9)UAs N 24,
V(z) V(z,)

0 + a-ouy %2

<+

(1-¢)U,~-2 U + (1-0)UD

ABV(Z)
A’2)V(z)

]

(R.58)
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or

oP CAV(z) . . . .
2 % = m \:CD.U‘ + (1-9U, + &U, U,
Aﬂ¢oUs

2 V)

+

U, - Uy

_ AB V(Z )
A’2)V(z,)

aA(z)]

U + (1-0U) % (R.59)

Eliminating U, from (R.59) by using (R.24), we get

oP CAV(z) [4V, L¢. d’lnp]
g = = - + = —5F
° oz Vi(z,)A(2) € e 4

~

. .1"'6) g dl

a, (1—¢—¢(£ J—¢. 8% (V,+L —3':—9— ,)
24,00,
V(zy)

@U2 + (-0 9%2—’—’]

+

@t—p + QU,-QU, +

+ 0. U,-U,)

m |~

AV(2)
V(2,)A%z2)

(R.60)

We need to eliminate U,
From (R.2) we get, by multiplying by u,,

ot u, 9 (1-¢) pu,A .
WP, 3 - XP % £ = M) u, (R61)

which, when substituted into (R.47), gives

dA(1-€)p,u,

1 JA(1-e)p,uy oP
A ot

+ % + (1-¢) g, 52—

B | -

o u, o(1-€)p,u
- f-up, X4 % ATt (R62)
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or
du 1-€)p,u, 0A du
(1-ep, 3 + L——-;‘l'?—-ﬁ 5 * Al-ep, -g‘i
P

U-oppy 4 o 2P
+ 1 % T (1-¢), %

= f, + u, (1-¢p, 3% A

Evaluating R.63 at z, and noting 0A/ot =0,

au,
i =0

and

dA
&—i,. = 0 for z,2z,,

ther
P
-9 & 2 + (-opU,=.

Using (R.48) with (R.63a), we get

-

P pD, Py Oz

73

u, N up(1-E)p,u, 0A
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Substituting (R.64) into (R.60) gives

or

and

and

and

o

daP

8 3 T

+

+

& 3

&

= §U,-4U,

24,0.U,(U,

(-9
_ ( <p(1e e))

P _

Vz(zb)A (2)

CAsV(z) [qw,

4

p(Ug - Up)z

01— c))

(VP+L

oU,-6U, +

ApV(z) (aA
V(z,)A%(2)

V(Z ) CAg

A(2) V’(z.,)

245U,

az /

PsDp
8o

pp az It.

dt P

@B_U) 4+ —

V(z,)

7) \

[q’x 9, —

V(zb)Az(z )

$AsV(z) 0A(2)
oz

= 4’1'

¢.£
e

-U,) + pU

V(z,)

. Ly d*mnp N oV,
€ dr? £

dinp
- = (VP+L & UP) +

g_Up)z £

PpDs
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2
L& d*Inp

dar?

1

3

0z

(Ug - Up)

©.U7+ (1~ U ]

Le. dinp

€

dt

(R.65)

(R.66)

(R.67)

(R.68)

(R.69)



and

¢ = 6 U + (1-¢) U. (R.10)

To get

9"’il
gz ' *

for elimination from (R.66), we evaluate (R.66) at z, and solve for

'aﬂl
az '
With (R.66) evaluated at z, and noting
dA
% =0
and A(z,) = Ag, we get
P C [y, B P
8o azlt. - V(Zb) [¢l ¢2 pp az x.] (R.71)
or
oP C
E"’ =7 & oC (R72)
gV (1-5es)
Substituting (R.72) back into (R.66), we get
oC
o L o - Y& CA g 4 PTh
oz A@z) V4z,) Pp8.V(25) (l—p,V(zD
$45V(2) 3A(z)-‘
V(A z) o | (R.73)
or
' P V@) C4 O AR @)
5 % T T A0 Vi) [1-9”;;) Vz,)Az) 0z J R.74)
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¢, depends upon the base pressure Py = P(z;) (one of the values we wish to solve for) through V,, (the
accleration of the projectile) and also through d’Inp/de.

Subsiituting (R.33) into (R.67), we get

LOCA) Lo

, , o .
% = ¢ + . eV vV, + . v, (R.75)
or .
, E¢. .
¢ = ¢ + D + ry V,, (R.76)
where
Lo.Ci(t
€
and
E = |1 LA, R.78
= - v, | (R.78)

Substituting (R.25) into (R.76), we get

— , E¢_‘_ goABP B gaABP res
% =& + D + ( M, 7 ) (R.79)
or
o, E¢.g AP, Ed.gAsPs
% = ¢ + D - M, + o, (R.80)
Substituting <R.80) into (R.74), we get
, EQ g AgP, ., E¢og,ApP,
P vexa | D - =g
k ARV 1 - 2
AT
¢:AsV(Z) 0A
Ve ) az] (81
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or
’ E¢g,ApP,q Eg,ApP
P Ca | O rD - =5 T v
% o VA - [ A
z 8.V(zp) 1 - Ve )
2
‘M"V.fz) a"(’)]. (R 82)
V(E,)AYz) o2

Integrating (R.82) and noting that A(z) and V(z) are functions of z and only of z and that

Viz) oA
A¥z) oz
(by parts) can be written
_Ye (Ve
24%(2) A(z)
we get
’ E"‘o‘ P, res E'J,A"
P(z) P(0) 4, b+ D - ‘“: * ‘“». V(2) &z
z) - = - -
£,V 1 - X A(z)
ppY )

2
WAVE) WA [ V) dz]_ (R .83)

WA — V@) ) Aw)
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Noting P(0) = Py, and collecting terms, we get

, EQ.goA‘P,-
Py = P, + | P | % R
(z ) - Br gov2(zb) V(Zb) 1 - C
P’V(iy)
CEQAZPy CAV?
Vi e, Yiz_) _ _¢3__A_B__(_z_)_ R.83
r"—_.;c_ f Az) dz 2g,Vi(z,)A%z) (k330)
T opVeE)
or
P@) = Pp + @) + @) Py J@) + b J@) (R34)
where
, E"‘n“Pru‘
CA ¢ + D - M
a(t) = 23 $:Ap _ vz L4 (R.85)
gViz) | V@) 1 - ——
XS
and
CEoA}
Vig,en
o) = - T (R-86)
T e Vey
and
CoA;
b - - R .87
(:) 2 gov3(zb) ( )
and
_ [ Y
Jl(Z) = J; A(z) dz (R88)
and
V3(z)
Lz) = 6 (R.89)

(R.84)is the equation for the pressure distribution in the mixture region. To complete the pressure distribution
description, we require the distribution in the ullage region which should be identical to the description in
the velocity lag derivation that is in the ullage region. The momentum equation for the gas is

P d
ook, (R90)
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The equation of continuity in the ullage region is

w _ _1.dp _ _ dnp
2  p dt dt (R51)

Integrating (R.91) and noting dlnp/dt is a function of time only we get

uz) = - i‘%g z + Q). (R92)
With the boundary condition u(z,) = V, we get
dl
V, = -z, =2 4+ 0 (R93)
and therefore,
foy = v, + 5, 20 (R.94)
dt
and
u@ =V, + - LR (R95)
Differentiating (R.95) and noting 2, = V, gives
u d*Inp dinp
3 - VP + (zp—z) T— + VP 7 (R.96)
Substituting (R.91), (R.95), and (R.56) into (R.90), we get
oP o [. d*inp dinp
z - z. [Vp + (zp—-z) -—Zi— + VP —d—r
+ (VP + (z,—2) o ) ( . ) (R.I7)
or
oP p [. d*Inp dinp Y
% - . [VP + (2,~7) i (2,~-2) —-d—t-—)] (R.98)

Integrating (R.98) from z, to z and noting z,, V,, and Inp are functions of time oniy, we get

p . (z,~2) d*lp
i P = P A I
(z ) (Zb) 8o [ sz 2 dtz

) ab
____(szz) (.‘!g:_")] (R.99)

%
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or —z)
P@z) = P(z) - ;,p- [sz ~ %Q_ A]I:b {R.100)
where d*inp dinp ¥
A = el (dt ) (R.101)
Therefore, we get the pressure distribution in the ullage region as
= .9_ f/ 2 2, A
P@) = P@) - = |V, @-m) + (@G- - G- 3 (R.102)
or
( = - 2. ' 2 2 A
P(z) = P(z) . (V, + z,8) (z-2) - (z"-z,) 73| (R.103)
Defining the mean pressure P, to be
]
[" Pemex:
P, = (R.104)

J:' A(z)dz

and since [} A(z)z = V(z,) and using (R.84) and (R.103)

[ @+ a0 10 + a0 B @) + b0 He) AGK:
" V(z,)

_[ i (P(z,,) -2 W, 5 N @) - -2 ) ]) Az)dz

+
Viz,)
(R.105)
or
P = Py, V() + aft) Joz) + a(t) Pplyz) + b(t) Jiz,)
" V(z,)
ALP@)  Ap [ rE2 e s
Viz,) 8o Viz,) i
A G-
+ 2 (R -106)
V) }
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or
V(z,) a(t) Jyoz,) axt) Pyly(z,) b(t) Jiz)
Po =P 3t TGy T T Ve T T Ve
AsLP(z)  pAs [ AA] L
Ve 7w [V’ ' 3] 2Vee,) @i
where
I(z,) = L' AG@) J2) dz (R.108)
and
_ (Ve
J(z) = f o " (R.109)
Substituting in for V, from (R.25) into (R.107), we get
V(z,) a\(tV(z,) ay(tWs(z,)Pp b(t)Wz,)
A W7 B 7% S 7P
AgLP(z,) PAZL*P, PA3L?P,, pAsL*A
- - . R.110
V&) We M, | WM, | 33.Ve) (R.110)
To eliminate P(z,), we evaluate (R.84) at z, and get
P(z,) = Py, + (a(t) + aft) Pg) Jy(z,) + b(t) Jiz,) (R.111)
and substitute into (R.110) to get
_ ay(¢Ws(2y) a(tN(z,)Pp b(tVz»)
Po =P * ey Y T Vet VG
ApLa,(tV,(z,) + AgLay(t)(2,)Ps + ALb(t)(z,)
V(z,) V(z,) V(z,)
PAIL?P, PALP,, pAsL°A
- - R.112
2V, M, * 2V(z,M, 38.V(z,) ( )
or
- AsLay(t) () pAZL? aa(zvs(zb)}
P =P P, -
m T P ( Ve,) We M, b Ve,
. + a,(tVs(z5) 4 b(t)Vu(zs) + AgLay(tV(z,)
VE,) V@, V(z,)
ApLb(t)y(2,) PA;L’P,,, pAsL°A ‘R.113)

Ve) T VM, ~ 3gVG,)
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We now need Py, in terms of Py to eliminate Py, from (R.113) and give us an equation for Py.

Evaluating (R.103) at z,, we get

P@,) = P, = P@) - gﬂ [(V,+:,A) L - (z-2)) %} (R.114)

o

or, since 22, - 2%, = L (z, + z,),

P, = P@) - 2 (V, + I—‘é), (R.115)
8 2
and substituting (R.25) for V,, we get
pLAsP3 AgpLP,, pL*A
P, = - =2 -
s P(z,) M, + M, T (R.116)

Substituting (R.111) for P(z,) into (R.116) and collecting terms, we get

(4

LA
0 = Py, + Py (" 1 + a(tViz) - PMp] + ay(tV(z,)

AgpLP,,, pL?A
+ beVy(z,) + T R.117)

Subtracting (R.117) from (R.113) eliminates Py, and gives Py in terms of P, or

- _ pLAs AsLay(t)V\(z,)
P, = P l:l a(tVy(z,) + M + ve,)

14

pAZL? + a(t)s(z,) + a,(VA(2) + b(t)d(z,)
WM, V() V,) V@)

AgLay(t)](2) + ApLb(tVxAz,) PAZL’P,, pAsL°A

+
V) Ve T VM, 3.V
AgpLP,, L?
- @@ - b - 2EC= g B2 (R.118)
P 8o
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Since A has a dependence on Pythrough d’Inp/dt® using (R.33) with (R.117), we get

pLAs pL’A;
M, ~ 2V;M,

4

Py, = Py (1 - atV\(z) +

2 2 ZP
o (cl(x) - (‘”"") + & "‘] - a0V@)

* dt M,Vi
AgpLP,.
- by - S ®.119)
P
and using (R.33) with (R.118), we get
_ AgLay(t)]1(z,) pA;L? ax(t)(z,)
Pu = B [1 T TV T e, T v,
pLAg pL?A2 pAsL®
- @) 7 M, Y e,
pL’ _ (dinpY | 8APr _ 2A,L]
* 2%, (C‘(‘) (dt ) Yo ) T ey,
+ a,(t)s(2,) + b(tVy(z,) + AgLa,(t))(z,)
V() Vi) Ve,)
+ ABLb (t)IZ(zb) + pA:LzP res
VG@,) WM,
ABPLP res
- atV\(z) - b(tVfz) - M (R.120)
P

Equation (R.120) gives Py in terms of P, (which is determined using an equation of state) and then (R.119)
gives Py, from Pg.

The evaluation of J,(z,), J,(z,), Ja(z,), and J,(z,) can be simplified by noting that the variation in area
is confined to the chamber and, therefore,

V@) = V(z,) + Az — 2z), for z 2 z,, (R.121)
and
_ (" Ye I () * V@)
W@ = | A ® < f aq) © . A()

oV + Ap(z -
Iz, + J' (200) - 5(2 ~2) &
2~ B

2
Ap(@ ~ 25) ) (R.122)

1
Ji(zy) + A_B [V(zbo) (zp—2) + 2

83



1 e :

Viz), Vi) + As @ = 2w)f’ R.123
A2(2)|'* - Y ) (R.123)

Jiz) =

% L V7
He = | U ;‘%dx) Al)z

A(x)dx) A@yz + L ( A(x)dx) Aydz

]
—
'3
—
° »

% 1 A
= Jyz,) + J:(Jl(zbo) + Z; [V(zw) (z2—2y) + ’ig (z"zbo)z]}‘sdz
V) (- )
= Jz) + A2 (E.~2w) + (220) %?* )
+ % (@ ~2s) > (R.124)
_ b VYz) _ o Y_z(_zz “ V(W) + A (z—-2z,))
e = f Ae@) © T f Ao &7 f,,, A dz

Vew) + A @G-z - V' (z)
34; '

= Jz,) + (R.125)

Equations (R.122) - (R.125) require the evaluation of the integrals J,(z,,) - Jo(z,,) only once.

The kinetic energy (KE) of the gas and solid will be required. The kinetic energy is given by
1
8, KE = 'i f u" dm

where u is the velocity and dm is the differential of mass, and since pdV =dm and dV = A(z)dz, then

g KE

3 -9 [ wpAcw

£ f' WpA@E)z + % J(' Wphydz.  (R.126)

£

DO
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We get u in the mixture region from (R.8) and u, from (R.13) and u in the ullage region from (R.21), and
therefore
U, %
2, KE = + (1-¢) f UhioV'e)
VAz,)A(z)
J‘" Ungpsz(z)
o VAz)AR)

B —

DI

A ' 2
« B (7 {y o dne (z,-2) | dz (R.127)
2 ), "t e @

or
_ (-9 UzA3p,Ju(2s) SU,zAnzPL(Z»)
2goV (2) 280V2(zb)

pABL 2 dlnp 2 dlnp
+ _6g, [3V, + 3, L @ + L @ . (R.128)

KE

It would appear that the pressure used in evaluating the burning rate should be the mean pressure over
the region occupied by the propellant.

The mean pressure over the mixture region is

] [ Pemea

P i . (R.129)
J; Alz)dz
and using (R.84), we get
["en + @0 + a0P) 1@ + b Ao
P, = V@) (R.130)
or
_ @) + a@)Ps) b(t)
P, = P V@) Jiz,) + V@) J{z,) (R.131)
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APPENDIX 4:
INPUT DESCRIPTION FOR IBRGA
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USER’S MANUAL FOR IBRGA

IBRGA relies on an input data base consisting of all numerical parameters essential for running
the code. All values are in metric units. Below is a compilation of a typical data base showing
the name and location of each parameter. The names for the numerical values are prefixed with an
alphabetical designator corresponding to the position at which the data are to appear, that is, from
left to right. The data may be separated by blanks or commas. The units are shown to the right
of each input.

‘A B € D E F G H 1 1 K

record 1

- chamber volume (cm’)

- groove diameter (cm)

- land diameter (cm)

groove/land ratio (none)

(land, groove, and groove/land ratio used to calculate the projectile bore area)
- twist (tums/caliber)

- projectile travel (cm)

- gradient switch (none)

(integer value designating the gradient equation to use

1 = Lagrange, 2 = Chambrage, 3 = Two-phase, 4 = RGA)

friction factor (none)

(normally 1 for granular, 0.01 for stick, and 0.1 for partially cut propellant, only
used with the two-phase and RGA gradient)

omm gawp

=

record 1a (Read if and only if gradient switch = 2 or 4)
A. - number of pairs of points to describe chamber geometry, integer I <= 5 (none)
B. - initial distance from breech (cm)
(must be 0.0)
C. - diameter at initial distance (cm)

. - Ith distance from breech (cm)
(initial position of the base of the projectile)

. - Ith diameter at Ith distance (cm)
(used to calculate bore area overriding record 1 groove and land diameter
specifications)
(note chamber geometry is used to calculate the chamber volume overriding record 1
chamber volume description)

record 2
A. - projectile mass (kg)
B. - switch to calculate energy lost to air resistance,
integer (none) (0 = no loss, 1= loss)
C. - fraction of bore resistance work used to heat the tube (none) (>= 0.0, <=1.0)
D. - gas pressure in front of the projectile (Pa)
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record 3

record 4

record 7

>

record 8

oed
.

mopnwy® mmuawr»” mmuaws . 0w

omMmuawy

number of pairs of barrel resistance points (none)
(integer J <= 10)

bore resistance (MPa)

travel (cm)

Jth bore resistance (MPa)
Jth travel (cm)

mass of recoiling parts (kg)

number of recoil point pairs (none) (must be an integer = 2)

recoil force (N) (force to overcome before start of recoil - rod preload)

time of rod preload (s) (must be 0.0)

recoil force (N) (constant resistive force after rise time)

rise time (s) (time to go from start of recoil to constant resistive recoil force)

free convective heat transfer coefficient (W/cm*-K)

chamber wall thickness (cm) (wall depth which is heated uniformly)

heat capacity of chamber wall (J/g-K)

initial temperature of chamber wall (K)

heat loss coefficient (none) (usually 1, but may be set to 0.0 to eliminate heat loss)
density of chamber wall (g/cm?®)

impetus of igniter (J/g)

covolume of igniter (cm’/g)

adiabatic flame temperature of igniter (K)
mass of igniter (kg)

ratio of specific heats of igniter (none)

number of propellants (none) (integer <= 10)

impetus of propellant (J/g)

adiabatic flame temperature of propellant (K)
covolume of propellant (cm%g)

mass of propellant (kg)

density of propellant (g/cm?)

ratio of specific heats of propellant (none)
propellant form function indicator (none)
(integer, may be

0, zero perforated cylindrical grain

1, one perforated cylindrical grain

7, seven perforated cylindrical grain

15, nineteen perforated hexagonal grain

19, nineteen perforated cylindrical grain)
length of propellant grain (cm)

diameter of perforations in the propellant grains (cm) (value ignored if not required
but must be present)
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record 9

vow »

outside diameter of propellant grain (cm)
(for the hexagonal grain, it is the distance between munded comers)

record 8 repeated for each propellant

number of burning rate triplet points (none)

(integer J <= 10)

exponent (none)

coefficient (cm/s-MPa°)

pressure (MPa) (upper pressure limit for which the previous exponent and coefficient
are usable)

Jth exponent (none)

Jth coefficient (cm/s-MPa°)

Jth pressure (MPa) (if pressure exceeds this limit, then this buming rate equation is
used)

record 9 repeated for each propellant
integration time increment (ms)

print increment (ms)
upper limit on integration time to stop calculation (ms)



INTENTIONALLY LEFT BLANK.
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FORTRAN LISTING OF IBRGA
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15
10

25

16

55

Nnooooaaon

47

program ibrga

common nsl1kpr,fracsl(10),dsdxsi(10),surfsl(10),
& nslp(10),ts1(10),pbrch,pbase,pmean,bbr(10),abr(10),
& deltat,y(20),igrad

character outfil*10

character bdfile*10

dimension br(10),trav(10),rp(10),tr(10),forcp(10),tempp(10),covp(
&10)

dimension chwp(10),rhop(10),gamap(10),nperfs(10),glenp(10),pdp(10
&),gdiap(10),alpha(10,10),beta(10,10),pres(10,10)

dimension a(4),b(4),ak(4),d(20),p(20),z(20),frac(10),surf(10
&),volp(10),dsdx(10),nbr(10),ibo(10),tbo(10),d2xdt2(10),tng(10)
real lambda,jlzp,i2zp,j3zp,j4zp,jlzb,j2zb,j3zb,j4zb

dimension chdist(5),chdiam(5),bint(4)

dimension nsl(10},surfo(10),dsdxn(10)

call gettim(ihr,imin,isec,ihuns)

pi=3.14159

write(* 15)

format(’ input name of data file to tc used as input °)
read(*,10)bdfile

format(al10)
open(unit=2,err=999,file=bdfile,status="o0ld’ ,iostat=ios)

rewind 2

write(*,25)

format(’ input name of cutput file ")

read(*,10)outfil

open(unit=6,err=998, file=outfil)

write(6,16)bdfile

format(’ the input file is ’,a10)

do 9 i=1,20

p(@)=0.

y(i)=0.

2(i)=0.

d(i)=0.

continue
read(2,*,end=20,err=30)cham,grvc,aland,glr,twst,travp,igrad
&,f50

if(igrad.gt.1)go to 51

write(6,55)

format(1x,'using Lagrange pressure gradient’)

igrad=1

g0 to 52

define chambrage assumes nclipts=number of points to define
chamber > or = 2 < or = § (?),chdiam(I) defines chamber diameter
at chdist (I) chamber distance. chdiam(nchpts) is assumed to be
the bore diameter and chdist(i) is assumed to be 0, i.c. at the
breech. Assumes truncated cones.

if(igrad.eq.3)go to 401

if(igrad.eq.4)go to 434

write(6,47,err=30)

format(1x,’Using chambrage pressure gradient’)
go to 436
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434  write(6,437)
437 format(1x,’using rga gradient’)
g0 to 436

436 read(2,*,end=20,err=30)nchpts,(chdist(I),chdiam(l),I=1,nchpts)
write(6,53,err=30)(chdist(I).chdiam(I),I=1,nchpts)
53  format{///, chamber distance cm chamber diameter cm'/(5x,e14
&.6,5x,214.6))
do 54 I=1,nchpts
chdist(I)=0.01*chdist(T)
54  chdiam(I)=0.01*chdiam(l)
c calculate chamber integrals and volume
if(nchpts.gt.5) write(6,44,err=30)
44  format(1x,’use first 5 points’)
if(nchpts.gt.S)nchpts=3
bore=chdiam(nchpts)
if(chdist(1).ne.0.0)write(6,45 err=30)
45 format(lx,” # points ? °)
chdist(1)=0.0
pi3=pi/3.0
b1=0.0
b2=0.0
b3=0.0
b4=0.0
points=25.0
56  points=points+points
step=chdist(nchpts)/points
zz=0.0

bint(1)=0.0

bint(3)=0.0

bint(4)=0.0

bvol=0.0
r2=0.5*chdiam(1)

k=1

j=int(points+0.5)

do 57 I=1j

2z=72+step
if(k.eq.nchpts-1)go to 46
do 58 Il=k,nchpts-1
if(zz.gt.chdist(11).and. zz.lt.chdist(I1+1))go to 59

58  continue
Il1=nchpts-1
59 =I1

46  diam=(zz-chdist(k))/(chdist(k+1)-chdist(k))
diam=chdiam(k)+-diam*(chdiam(k+1)-chdiam(k))
r1=0.5*diam
area=pi*(r1+12)*(r1+12),4.
bvol=bvol+step*pi3*(r1*rl+r1*r2+12%r2)
bint(1)=bint(1)+step*bvol/area
bint(3)=bint(3)+step*area*bint(1)
bint(4)=bint(4)+step*bvol*bvol/arca

57 12=ri
temp=abs(1.0-b1/bint(1))
if(abs(1.0-b3/bint(3)).gt.temp)temp=abs(1.0-b3/bint(3))
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if(abs(1.0-b4/bint(4)).gt.temp)temp=abs(1.0-b4/bint(4))
if(temp.1e.0.001)go to 41
bl=bint(1)
b3=bint(3)
b4=bint(4)
go to 56
41  cham=bvol*1.e6
c write(6,47,err=30)bint(1),bint(3),bint(4)
c format(1x,’bint 1 = *,¢14.6,” bint 3 = *,14.6," bint 4 = 'eil4.
¢ &6)
chmilen=chdist(nchpts)
go to 52
401 write(6,402)
402 format(1x,’using 2 phase gradient equation’)
goto 52
52 write(6,40,err=30)cham,grve,aland,glr,twst,travp,igrad,fs0
40 format(1x,’chamber volume cm**3’e14.6,/” groove diam cm’,e14.6/
&’ land diam cm’,e14.6,/° groove/land ratio’,e14.6,/° twist tums
&/caliber ’,e14.6,/" projectile travel cm’,e14.6
&/* gradient # °,i3,/° friction factor ’,e14.6///)
cham=cham*1.e-6
grve=grve*l.e-2
aland=aland*1.e-2
travp=travp*l.e-2
read(2,*,end=20,err=30)pr 1t,iairhtfr,pgas
write(6,50,err=30)prv-t,iair,htfr,pgas
50 format(1x,’projectile mass kg’,e14.6,/° switch to calculate energ
&y lost to air resistance J',i2,/* fraction of work against bore u
&sed to heat the tube’,e14.6/1x,” gas pressure Pa’ ,e14.6)
read(2,*,end=20,emr=30)npts, (br(:, trav(i),i=1,npts)
write(6,60,err=30)npts, (br(i) trav(i),i=1,npts)
60 format(1x,’number barrel resistance points’,i2,/° bore resistance
& MPa - travel cm’/(1x,e14.6,614.6))
write(6,65)
do 62 i=1,npts
br(i)=br(i)*1.e6
trav(i)=trav(i)*1.e-2
62  continue
65 format(1x)
read(2,*,end=20,err=30)rcwt,nrp,(rp(i),tr(i),i=1,nrp)
write(6,70,err=30)rcwt,nrp,(rp(i),tr(i),i=1,nrp)
70 format(1x,” mass of recoiling parts kg’,¢14.6,/” number of recoi
&1 point pairs’,i2,/” recoil force N°,’ recoil time sec’/(1x,e14
&.6,3x,e14.6))
write(6,65)
read(2,*,end=20,err=30)ho,tshl,cshl twal,hl,thocs
write(6,75,err=30)ho,tshl,cshl,twal,hl,thocs
. 75 formmat(1x,” free convective heat transfer coefficient w/cm**2 K’,
&el4.6,/° chamber wall thickness cm’,e14.6,/° heat capacity of st
&eel of chamber wall J/g K’,e14.6/° initial temperature of chambe
&r wall K’,¢14.6,/” heat loss coefficient’,e14.6/° density of ch
&amber wall steel g/cm**3’,e14.6//))
ho=ho/1.¢-4
tshl=tshi*].e-2




cshl=cshl*1.e+3

rhocs=rhocs*1.e-3/1.e-6
read(2,*,end=20,err=30)forcig,covi,tempi,chwi,gamai
write(6,85,err=30)forcig,covi,tempi,chwi,gamai

85 format(1x,” impetus of igniter propellant J/g’,e14.6,/’ covolume
& of igniter cm**3/g’,e14.6,/° adiabatic flame temperature of igni
&ter propellant K’,e14.6,/° initial mass of igniter kg’,€14.6./° r
&atio of specific heats for igniter’,e14.6//)

forcig=forcig*1.e+3
covi=covi*l.e-6/1.e-3
read(2,*)nprop
write(6,98)nprop
98 format(’ there are ',i2,” propellants’)
read(2,*,end=20,err=30)(forcp(i),tempp(i),covp(i),chwp(i),
&rhop(i),gamap(i),nperfs(i),glenp(i),pdp(i).gdiap(i),i=1,nprop)
write(6,95,err=30)(i,forcp(i),tempp(i) ,covp(i).chwp(i)
& thop(i).gamap(i),nperfs(i),glenp(i),pdp(i).gdiap(i),I=1,nprop)

95  format((’ for propellant number’,i2,/’ impetus of propellant J/g
&’.e14.6,/° adiabatic temperature of propellant K’.e14.6,/° covol
&ume of propellant cm**3/g’,¢14.6/° initial mass of propellant kg’
&.e14.6/" density of propellant g/cm**3’,e14.6/° ratio of specifi
&c heats for propellant’,¢14.6/° number of perforations of propell
&ant’,i2/’ length of propellant grain cm’,e14.6/° diameter of per
&foration in propellant grains cm’,e14.6/° outside diameter of pro
&pellant grain cm’,e14.6/)//)

tmpi=0.0

do 96 i=1,nprop
forcp(i)=forcp(i)*1.e+3
covp(i)=covp(i)*1.e-6/1.e-3
rhop(i)=rhop(i)*1.e-3/1.e-6
glenp(i)=glenp(i)*0.01
pdp()=pdp(i)*0.01
gdiap(i)=gdiap(i)*0.01
tmpi=tmpi+chwp(i)

kpr=i

call prf710(pdp(i).gdiap(i).glenp(i),nperfs(i),0.,
& frac(i),volp(i),surf(i),dsdx(i))
tng(i)=chwp(i)/rhop(i)/volp(i)
surfo(i)=surf(i)
write(6,408)i,tng(i)

408 format(’ for propellant *,i2,’ the total number of grains’
& ) is ’,el4.6)

96 continue
tmpi=tmpi+chwi
do 97 j=1,nprop
read(2,*,end=20,err=30)nbr(j),(alpha(j,i),beta(j,i),pres(j.i),
&i=1,nbr(j))
write(6,110,err=30)nbr(j),(alphagj.i),beta(j,i),pres(j.i),

&i=1,nbr(j))

110 format(1x, number of burning rate points’,i2/3x,” exponent’,8x,’
& coefficient’,10x,” pressure’/5x,’-’,15x,’cm/sec-MPa**ai’,10x,"MP
&a’,/(1x,e14.6,5x,e14.6,15x,e14.6))
do 112 i=1,nbr(j)
beta(j,i)=beta(j,i)*1.e-2
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112
97

130

131

pres(j,i)=pres(j,i)*1.e6
continue

continue

write(6,65)

read(2,*,end=20,err=30)deltat,deltap,tstop
write(6,120,err=30)deltat,deltap,tstop
120 format(1x,’time increment msec’,e14.6,” print increment msec’,e14

&.6/1x,'time to stop calculation msec ’,e14.6)

write(*,130)
deltat=deltat*0.001
deltap=deltap*0.001
tstop=tstop*.001

format(1x,’end input data -- 1.B. calculation start’)
if(igrad.eq.2.or.igrad.eq.4)go to 131
bore=(glr*grve*grve+aland*aland)/(glr+1.)

bore=sqrt(bore)
areab=pi*bore*bore/4.

lambda=1./((13.2+4.*10og10(100.*bore))**2)

iplot=0

pltdt=deltat

pltt=0.

pmaxm=0.0

pmaxbr=0.0

pmaxba=0.0

tpmaxm=0.0

tpmxbr=0.0

tpmxba=0.0

tpmax=0.0

a(1)=0.5

a(2)=1.-sqrt(2.)/2.
a(3)=1.+sqrt(2.)/2.

a(4)=1./6.

b(1)=2.

b(2)=1.

b(3)=1.

b(4)=2.

ak(1)=0.5

ak(2)=a(2)

ak(3)=a(3)

ak(4)=0.5

vp0=0.0

tr0=0.0

tcw=0.0
if(igrad.eq.3)chmlen=cham/areab
zb=chmlen

zp=chmlen

grlen=0.

grdiam=0.

egama=0.

do 5 i=1,nprop
grien=grien+chwp(i)*glenp(i)
grdiam=grdiam+chwp(i)*gdiap(i)
ibo(i)=0
egama=egama+chwp(i)*gamap(i)
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nsl@i)=0
5 vpO=chwp(i)/thop(i)+vp0
volgi=cham-vp0-chwi*covi
grlen=grien/(tmpi-chwi)
grdiam=grdiam/(tmpi-chwi)
egama=(egama+chwi*gamai)/Ampi
ism=0
odinr=0.
vf0=cham-vp0
epsO=1.-vpO/cham
eps=eps0
gasden=chwifv{0
prden=tmpi/vp0
ug=0.
up=0.
pmean=forcig*chwi/volgi
pbase=pmean
pbrch=pmean
opbase=pmean
volg=volgi
volgi=volgi+vp0
wallt=twal
tgas=tempi
told=0.
tgaso=tgas
dtgaso=0.
covl=covi
t=0.
ptime=0.0
ibrp=10
.2(3)=1.
nde=ibrp+nprop
write(6,132)areab,pmean,vp0,volgi
132 format(1x,’area bore m*2 ’,e16.6,/° pressure from ign pa’,el16.6,/
&,’ volume of unbumt prop m*3 ’,e16.6/
&’ init cham vol-cov ign mA3 °,e16.6)
write(6,6)
6 format(1x,” time acc vel dis mpress
& pbase pbrch )
iswl=0
19  continue
do 11 J=14
c FIND BARREL RESISTANCE
do 201 k=2,npts
if(y(2)+y(7).ge.trav(k))go to 201
go to 203
201 continue
k=npts
203  resp=(trav(k)-y(2)-y(7))/(trav(k)-trav(k-1))
resp=br(k)-resp*(br(k)-br(k-1))
c FIND MASS FRACTION BURNED
do 211 k=1,nprop
kpr=k
if(ibo(k).eq.1)goto211
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nsl1=0

call prf710(pdp(k),gdiap(k).glenp(k),nperfs(k),y(ibrp+k)
& frac(k),volp(k),surf(k),dsdx(k))

nsl(k)=nsl1

if(nsl(k).eq.0)goto 212

if(nslp(k).eq.1)go to 212

write(6,2213)k

2213 format(’ propellant’,i2,’ has slivered’)
nslp(k)=1
tsl(k)=y(3)
ism=1

212 continue
if(frac(k).1t..9999) go to 211
frac(k)=1.
tbo(k)=y(3)
ibok)=1
ism=1
write(6,456)k

456 format(’ propellant’,i2,’ has bumned out’)

211  continue

c ENERGY LOSS TO PROJECTILE TRANSLATION
elpt=prwt*y(1)*y(1)/2.
eptdot=prwt*y(1)*z(1)

c ENERGY LOSS DUE TO PROJECTILE ROTATION
elpr=pi*pi*prwt*y(1)*y(1)/4.*twst*twst
eprdot=pi*pi*prwt*y(1)*z(1)/2.*twst*twst

c ENERGY LOSS DUE TO GAS AND PROPELLANT MOTION
if(igrad.eq.1)go to 214
if(igrad.eq.3)goto 217
if(igrad.eq.4)go to 438
pt=y2)+y(D
vzp=bvol+areab*pt
j4zp=bint(4)+((bvol+areab*pt)**3-bvol**3)/3./areab/areab
elgpm=tmpi*y(1)*y(1)*areab*areab*jdzp/2./vzp/vzp/vzp
g0 to 216

438  pb=y(7)+y(10)
vzb=bvol+areab*pb
j4zb=bint(4)+(vzb**3-bvol**3)/3 /areab/areab
elgpm=(1.-eps)*up*up*areab**2*prden*j4zb+

& eps*ug*ug*areab**2*gasden*jdzb

elgpm=elgpm/2./vzb/vzb+gasden*areab*ullen/6.*

& (3.*y(1)*y(1)+3.*y(1)*ullen*dinrho+ullen**2*dInrho**2)
¢ approximate epdot

epdot=tmpi*y(1)*z(1)/3.

go to 216

214  elgpm=tmpi*y(1)*y(1)/6.
go to 216

217  elgpm=areab*zb/6.*(eps*gasden*ug*ug+(1.-eps)*prden*up*up)
elgpm=elgpm+gasden*areab*ullen/6.*(3.*y(1)*y(1)+
& 3.*y(1)*ullen*dInrho+ullen**2*dinrho**2)

¢ approximate epdot
epdot=tmpi*y(1)*z(1)/3.

c ENERGY LOSS FROM BORE RESISTANCE

216 elbr=y(4)
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213

(e}

222

221
223

2(4)=areab*resp*y(1)

ebrdot=z(4)

ENERGY LOSS DUE TO RECOIL
elrc=rewt*y(6)*y(6)/2.

erdot=rcwt*y(6)*z(6)

ENERGY LOSS DUE TO HEAT LOSS
areaw=cham/areab*pi*bore+2. *areab+pi*bore*(y(2)+y(7))
avden=0.0

ave=0.0

avep=0.0

z18=0

z19=0

do 213 k=1,nprop
z18=forcp(k)*gamap(k)*chwp(k)*frac(k)/(gamap(k)-1.)/tempp(k)+z18
z19=chwp(k)*frac(k)+z19

avden=avden+chwp(k)*frac(k)

continue
avep=(z18+forcig*gamai*chwi/(gamai-1.)/tempi)/(z19+chwi)
avden=(avden+chwi)/(volg+cov1l)

avvel=.5*y(1)

htns=lambda*avcp*avden*avvel+ho
z(S)=areaw*htns*(tgas-walit)*hl

elht=y(5)

ehdot=z(5)
wallt=(elht+htfr*elbr)/cshl/rhocs/areaw/tshl+twal
write(6,*)lambda,avcp,avden,avvel,ho,areaw,htns tgas, wallt,hl,z(5)
&.elht

ENERGY LOSS DUE TO AIR RESISTANCE

air=iair

2(8)=y(1)*pgas*air

elar=areab*y(8)

eddot=z(8)*areab

RECOIL

z(6)=0.0

if(pbrch.le.rp(1)/areab)go to 221

rfor=1p(2)

if(y(3)-tr0.ge.tr(2))go to 222
rfor=(tr(2)-(y(3)-tr0))/(tr(2)-tr(1))
rfor=rp(2)-rfor*(rp(2)-rp(1))
z(6)=areab/rcwt*(pbrch-rfor/areab-resp)
if(y(6).1t.0.0)y(6)=0.0

z(7)=y(6)

goto 223

tr0=y(3)

continue

CALCULATE GAS TEMPERATURE

eprop=0.0

rprop=0.0

dmfogt=0.0

dmfog=0.0

do 231 k=1,nprop
eprop=eprop+forcp(k)*chwp(k)*frac(k)/(gamap(k)-1.)
1prop=rprop-+forcp(k)*chwp(k)*frac(k)/(gamap(k)-1.)/tempp(k)
dmfogt=dmfogt+forcp(k)*rhop(k)*tng(k)*surf(k)*z(ibrp+k)/
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231

241

251
259

403

253

& ((gamap(k)-1.)*tempp(k))
dmfog=dmfog+forcp(k)*rhop(k)*tng(k)*surf(k)*z(ibrp+k)/
& (gamap(k)-1.)

continue

tenerg=elpt+elpr+clgpm+elbr+elrc+elht+elar
tgas=(cprop+forcig*chwi/(gamai- 1.)-elpt-elpr-elgpm-elbr-elrc-elht
&-elar)/(rprop+forcig*chwi/(gamai-1.)/tempi)
tedot=epdot+eprdot+eddot+ebrdot+erdot+ehdot+eptdot
dtgas=(dmfog-tedot-tgas*dmfogt)/(rprop+forcig*chwi/
& (gamai-1.)/tempi)

FIND FREE VOLUME

v1=0.0

cov1=0.0

do 241 k=1,nprop
v1=chwp(k)*(1.-frac(k))/thop(k)+v1
covl=covl+chwp(k)*covp(k)*frac(k)

continue

volg=volgi+areab*(y(2)+y(7))-vl-covl

CALCULATE MEAN PRESSURE

r1=0.0

do 251 k=1,nprop
rl=rl+forcp(k)*chwp(k)*frac(k)/tempp(k)

continue

pmean=tgas/volg*(r1+forcig*chwi/tempi)

resp=resp+pgas*air

if(igrad.eq.1)go to 252

if(igrad.eq.2)goto 403

if(igrad.eq.3)go to 404

if(igrad.eq.4)go to 441

if(iswl.ne.0)go to 253

pbase=pmean

pbrch=pmean

if(pbase.gt.resp+1.)iswl=1

go to 257

USE CHAMBRAGE PRESSURE GRADIENT EQUATION
jlzp=bint(1)+(bvol*pt+areab/2. *pt*pt)/areab
j2zp=(bvol+areab*pt)**2/areab/areab
j3zp=bint(3)+areab*bint(1)*pt+bvol *pt*pt/2.+areab*pt*pt*pt/6.
a2t=-tmpi*areab*areao/prwt/vzp/vzp

alf=1.-a2t*j1zp
alt=tmpi*areab*(areab*y(1)*y(1)/vzp+areab*resp/prwt)/vzp/vzp
bt=-tmpi*y(1)*y(1)*areab*areab/2./vzp/ivzp/vzp
bata=-alt*jlzp-bt*j2zp

gamma=alf+a2t*j3zp/vzp
delta=bata+alt*j3zp/vzp+bt*jdzp/vzp

calculate base pressure

pbase=(pmean-delta)/gamma

calculate breech pressure

pbrch=alf*pbase+bata

go to 254

USE 2 PHASE GRADIENT EQUATION

IFISWI1.NE.O)GOTO 407

pbase=pmean

pbrch=pmean



if(pbase.gt.resp+1)iswl=1
go to 257
407 if(iswl.eq.2)go to 411
vzp=cham+areab*(y(2)+y(7))
vzb=cham+areab*(y(10)+y(7))
phi=0.
phidot=0.
dmorho=0.
dmcov=0.
dmromw=0.
rrnomw=0.
viree=vzp-vl
do 405 k=1,nprop
mmomw=rmomw-+chwp(k)*frac(k)*forcp(k)/tempp(k,
phi=chwp(k)*frac(k)+phi
if(ibo(k).eq.1)go to 405
dmorho=dmorho+tng(k)*surf(k)*z(ibrp+k)
phidot=rhop(k)*tng(k)*surf(k)*z(ibrp+k)+phidot
dmcov=rhop(k)*tng(k)*surf(k)*z(ibrp+k)*covp(k)+dmcov
dmromw=dmromw-rhop(k)*tng(k)*surf(k)*z(ibrp+k)*
& forcp(k)/tempp(k)
405 continue
rmmomw=rmomw-+chwi*forcig/tempi
gasmas=phi+chwi
gasden=gasmas/vfree
phi=(phi+chwi)/tmpi
if (phi.gt.0.999) then
iswl=2
rbm=pbase/pmean
rbrm=pbrch/pmean
if(phi.ge.1.)go to 411
endif
dmdt=phidot
phidot=phidot/tmpi
vdotov=(dmorho+areab*y(1))/vfree
dintho=dmdt/gasmas-vdotov
dvoldt=dmorho+areab*y(1)-dmcov
c GET TIME DERIVATIVE OF MEAN PRESSURE
dpmdt=(dmromw*tgas-pmean*dvoldt+dtgas*rmomw)/volg
volprp=0.
effdia=0.
dmdmdt=0.
dmdmor=0.
avelen=0.
avedia=0.
do 406 k=1,nprop
if(ibo(k).eq.1)go to 406
volprp=volprp+(1.-frac(k))*chwp(k)/thop(k)
dmdmdt=dmdmdt+rhop(k)*tng(k)*dsdx(k)*z(ibrp+k)*z(ibrp+k)
dmdmdt=dmdmdt+rhop(k)*tng(k) *surf(k)*d2xdt2(k)
dmdmor=dmdmor+(dsdx(k)*z(ibrp+k)**2+surf(k)*d2xdt2(k))*tng(k)
effdia=effdia+6.*volp(k)/surf(k)*(1.-frac(k))*chwp(k)
406 continue
clt=dmdmdt/gasmas-dmdmor/vfree+vdotov**2-(dmdt/gasmas)**2
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d2lInr=c1t-areab**2*pbase/vfree/prwt
d2inr=d2Inr+areab*areab*resp/vfree/prwt
zp=chmlen+y(2)+y(7)
zb=chmlen+y(10)+y(7)
ullen=zp-zb
cnow=tmpi-gasmas
vp=y(1)
effdia=effdia/cnow
prden=cnow/volprp
up=y(9)
phistr=phi-gasden*areab*ullen/tmpi
. ulldot=vp-up
dphist=phidot-gasden*areab/tmpi*(ulldot+ullen*dinrho)
eps=1.-(1.-phi)*tmpi/prden/vzb
. epsdot=phidot*tmpi/prden/vzb+(1.-phi)*tmpi*up*areab/
& prden/vzb/vzb
ug=up+(vp+ullen*dinrho-up)/eps
alam=(1.5*grlen/grdiam)**.666666667
alam=(0.5+grlen/grdiam)/alam
alam=alam**2.,17

c VIS kg/s/m
vis=.00007
ren=gasden/vis*effdia*abs(ug-up)
if(ren.lt.1.)ren=1.
fsrg=2.5*alam/ren** .08 1*((1.-eps)/(1.-eps0)*epsO/eps)**.45
fsc=fsrg*fs0
phi2=1.-phi-phistr*(1.-eps)/eps
phi 1p=dphist*ug-phidot*up-phistr*epsdot/eps/eps
& *(vp+ullen*dinrho-up)+phistrtulldot*dinrho/eps
& +2.*phistr*ug/zb*(ug-up)
phi 1p=phi 1p+phi2*gasden/effdia/prden*(ug-up)**2*fsc
ak2=1./(1.-phi2*tmpi/prden/vzb)
phil=phi1p+phistr*z(1)/eps +ullen*phistr*d2inr/eps

c ACCELERATION OF FORWARD BOUNDARY OF PROPELLANT BED

z(9)=gasden*(ug-up)**2*{sc/prden/effdia+tmpi*phil*ak2
&/Nzb/prden

2(10)=y(9)
e=phistr/eps*(1.-ullen*areab/vfree)*areab/prwt
dd=ullen*phistr*c1t/eps

akll=tmpi*e*ak2/zb/vzb
ak12=tmpi*ak2*(philp+dd)/zb/vzb-ak11*resp
pbase=pmean-ak12*zb*zb/2.+gasden*ullen*resp*areab/prwt
pbase=pbase+ak12*zb*zb*(zb/3.+ullen)/2./zp
pbase=pbase-gasden*ullen**2*areab*resp/2./zp/prwt
pbase=pbase-gasden*ullen**2/2.*(1.-2.*ullen/3./zp)*

& (clt-dinrho**2)
pbase=pbase-areab**2*gasden*ullen**2*

- &(1.-2.*ullen/3./zp)*resp/prwt/viree/2.
deno=-ak11*zb**3/6./zp-ullen*ak11*zb*zb/2./zp
deno=deno+gasden*ullen*areab/prwt-areab**2*gasden*ullen**2

&*(1.-2.*ullen/3./zp)/2./vfree/prwt
deno=deno-gasden*ullen**2*areab/2./zp/prwt+1.+ak11*zb*zb/2.
pbase=pbase/deno
if(ism.eq.0)goto453
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if(ism.eq.1)goto451
gotod52
451 ism=2
tss=sqrt(egama*rmomw/gasmas*tgas)
write(6,%)tss
tss=ullen/(ullen*odInr+tss)
tso=y(3)
write(6,*)tss,tso
452  coefbp=(tss+tso-y(3)-deltat)/tss
if(coefbp.gt.1.)coefbp=1.
if(coefbp.le.0.)then
coefbp=0.
ism=0
endif
pbase=coefbp*opbase+(1.-coefbp)*pbase
write(6,*)coefbp,opbase,pbase,ism
453 odinr=dinrtho
opbase=pbase
pbrch=pbase*(1.+ak11*zb*zb/2.+gasden*ullen*areab/prwt
& -areab**2*gacden*ullen**2/2.fvfree/prwt)
pbrch=pbrch+ak : 2*zb*zb/2.-gasden*ullen*areab*resp/prwt
pbrch=pbrch+gasden*ullen**2/2.*(c1t-dlnrho**2)
pbrch=pbrch+areab**2*gasden*ullen**2*resp/2./vfree/prwt
go to 254
C  USING RGA GRADIENT
441 if(iswl.ne.0)go to 444
pbase=pmean
pbrch=pmean
if(pbase.gt.resp+1.)iswl=1
go to 257
444 if(iswl.eq.2)go to 411
vzp=cham+areab*(y(2)+y(7))
vzb=cham+areab*(y(10)+y(7))
j1zb=bint(1)+(bvol*pb+areab/2.*pb*pb)/areab
j2zb=(bvol+areab*pb)**2/areab/areab
j3zb=bint(3)+areab*bint(1)*pb+bvol*pb*pb/2.+areab/6.*pb**3
phi=0.
phidot=0.
dmorho=0.
dmcov=0.
dmromw=0,
rmomw=0,
viree=vzp-v1
4o 442 k=1,nprop
momw=rmomw+chwp(k)*frac(k)*forcp(k)/tempp(k)
phi=chwp(k)*frac(k)+phi
if(ito(k).eq.1)go to 442
dmorho=dmorho+tng(k)*surf(k)*z(ibrp+k)
phidot=rhop(k)*tng(k)*surf(k)*z(ibrp+k)+phidot
dmcov=rhop(k)*tng(k)*surf(k)*z(ibrp+k)*covpk)+dmcov
dmromw=dmromw-+rhop(k)*tng(k)*surf(k)*z(ibrp+k)*
& forcp(k)/tempp(k)
442 continue
momw=rmomw-+chwi*forcig/tempi
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443

gasmas=phi+chwi

gasden=gasmas/vfree

phi=(phi+chwi)/tmpi

if (phi.gt.0.99) then

iswl=2

rbm=pbase/pmean

rbrm=pbrch/pmean

if(phi.ge.1.)go 9 411

endif

dmdt=phidot

phidot=phidot/tmpi

vdotov=(dmorho+areab*y(1))/vfree
dintho=dmdt/gasmas-vdotov
dvoldt=dmorho+areab*y(1)-dmcov

get time derivative of mean pressure
dpmdt=(dmromw*tgas-pmean*dvoldt+dtgas*rmomw)/volg
volprp==0.

effdia=0.

dmdmdt=0.

dmdmor=0.

avelen=0.

avedia=0.

do 443 k=1,nprop

if(ibo(k).eq.1)go to 443
volprp=volprp+(1.-frac(k))*chwp(k)/rhop(k)
dmdmdt=dmdmdt+rhop(k)*mng(k)*dsdx(k)*z(ibrp+k)*z(ibrp+k)
dmdmdt=dmdmdt+rhop(k)*tng(k)*surf(k)*d2xdt2(k)
dmdmor=dmdmor+(dsdx(k)*z(ibrp+k)**2+surf(k)*d2xdt2(k))*tng(k)
effdia=effdia+6.*volp(k)/surf(k)*(1.-frac(k))*chwp(k)

continue
clt=dmdmdt/gasmas-dmdmor/vfree+vdotov**2-(dmdt/gasmas)**2
d2Inr=c1t-areal;**2*pbase/vfree/prwt
d2Inr=d2Inr+areab*areab*resp/vfree/prwt
zp=chmlen+y(2)+y(7)

zb=chmlen+y(10)+y(7)

ullen=zp-zb

cnow=tmpi-gasmas

vp=y(1)

effdia=cffdia/cnow

prden=cnow/volprp

up=y(9)

phistr=phi-gasden*areab*ullen/tmpi

ulldot=vp-up
dphist=phidot-gasden*areab/tmpi*(ulldot+ullen*dlnrho)
eps=1.-(1.-phi)*tmpi/prden/vzb
epsdot=phidot*tmpi/prden/vzb+(1.-phi)*tmpi*up*areab/
& prden/vzb/vzb

ug=up+(vp+ullen*dinrho-up)/eps
alam=(1.5*grlen/grdiam)**.666666667
alam=(0.5+grlen/grdiam)/alam

alam=alam**2,17

VIS kg/s/m

vis=.00007

ren=gasden/vis*effdia*abs(ug-up)
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if(ren.lt.1.)ren=1.
fsrg=2.5*alam/ren** 08 1*((1.-cps)/(1.-eps0)*cpsO/eps)**.45
fsc=fsrg*fsO
phi2=1.-phi-phistr*(1.-eps)/eps
philp=dphist*ug-phidot*up-phistr*epsdot/eps/eps
& *(vp+ullen*dInrho-up)+phistr*ullio*dInrho/eps
& +2.*areab*phistr*ug/vzb*(ug-up)
philp=phi1p+phi2*gasden/effdia/prden*(ug-up)**2*fsc
ak2=1./(1.-phi2*tmpi/prden/vzb)
phi 1=phi 1p+phistr*z(1)/eps+ullen*phistr*d2inr/eps
c ACCELERATION OF FORWARD BOUNDARY OF PROPELLANT BED
2(9)=gasden*(ug-up)**2*fsc/prden/effdia+tmpi*phil*ak2
&/vzb/fprden
z(10)=y(9)
phi3=phistr*ug*ug+(1.-phi)*up*up
e=1.-ullen*areab/vfree
dd=ullen*phistr*c1t/eps
alt=tmpi*areab/vzb/vzb*(phi3*areab/vzb-(philp+dd-e
& *phistr*areab*resp/eps/prwt)*ak2)
a2t=(-tmpi*e*phistr*areab**2 /vzb/vzb/eps/prwt)*ak2
bt=-tmpi*phi3*areab**2/2./vzb/vzb/vzb
pbase=pmean-gasden*ullen**2/2.*(c1t-dinrho**2
$ +areab**2*resp/prwt/vfree)*(1.-2.*areab*ullen/3./vzp)
pbase=pbase-alt*j3zb/vzp-bt*j4zb/vzp-areab*ullen*alt*jlzbjvzp
pbase=pbase-areab*bt*ullen*j2zb/vzp-gasden*areab**2*ullen**2
&*resp/2./vzp/prwt+alt*jlzb+bt*j2zb+areab*gasden*ullen*resp/prwt
deno=1.+areab*ullen*a2t*jizb/vzp-gasden*areab**2*ullen**2
& [2./vzp/prwi+a2t*j3zb/vzp-a2i*jlzb+gasden*ullen*areab/prwt
deno=deno-gasden*ullen**2*areab**2/2./vfree/prwt
& +gasden*areab**3*ullen**3/3./vzp/viree/prwt
pbase=pbase/deno
pbrch=pbase*(1.-a2t*j1zb+gasden*ullen*arcab/prwt
& -gasden*ullen**2*areab**2/2. fvfree/prwt)
&+gasden*ullen**2/2.*(c1t-dinihio**2+areab**2*resp/prwt/vfrec)
& -alt*jlzb-bt*j2zb-areab*gasden*ullen*resp/prwt
go to 254
411 pbase=rbm*pmean
pbrch=rbrm*pmean
go to 254
c USE LAGRANGE PRESSURE GRADIENT EQUATION
252  if(iswl.ne.0)go to 256
if(pmean.lt.resp)resp=pmean
c CALCULATE BASE PRESSURE
256 pbase=(pmean+tmpi*resp/3./prwt)/(1.+tmpi/3./prwt)
if(pbase.gt.resp+1.)iswl=1
c CALCULATE BREECH PESSURE
pbrch=pbase+tmpi/2./prwt*(pbase-resp)
c CALCULATE PROJECTILE ACCELERATION
254  z(1)=areab*(pbase-resp)/prwt
if(z(1).1t.0.0)go to 257
go to 258
257 if(iswl.eq.0)z(1)=0.0
258  if(y(1).1t.0.0)y(1)=0.0
z(2)=y(1)
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262
263

264

21
11

281

282

283

427
272

GET BURNING RATE

do 264 m=1,nprop

z(ibrp+m)=0.0

d2xdt2(m)=0.0

if(ibo(m).eq.1) goto 264

do 262 k=1,nbr(m)

if(pmean. gt.pres(m,k))go to 262

£0 to 263

continue

k=nbr(m)

pmix=pmean
if(igrad.eq.3)pmix=pbrch-(ak11*pbase+ak12)/6.*zb*zb
if(igrad.eq.4)pmix=pbrch+(alt+a2t*pbase)*j3zb/vzb+bt*j4zb/vzb
if(pmix.1t..99*pmean)pmix=pmean
z(ibrp+m)=beta(m k)*(pmix*1.e-6)**alpha(m k)
abr(m)=alpha(m,k)

bbr(m)=beta(m,k)
d2xdt2(m)=beta(m,k)*alpha(m,k)*(pmix*1.¢-6)
& **(alpha(mk)-1.)*dpmdt*1.e-6

continue

do 21 i=1,nde

d(i)=(z()-b(j)*p®)*a()

y(i)=deltat*d(i)+y@)

P(i)=3.*d(i)-ak j)*z(i)+p(i)

continue

continue

t=t+deltat

told=y(3)

if(pmaxm.gt.pmean)go to 281
pmaxm=pmean

tpmaxm=y(3)

if(pmaxba.gt.pbase)go to 282
pmaxba=pbase

tpmxba=y(3)

if(pmaxbr.gt.pbrch)go to 283

pmaxbr=pbrch

tpmxbr=y(3)

continue

if(y(3).1t.ptime)go to 272
ptime=ptime+deltap

Pit=y(2)+y(7)
write(6,7)y(3),z(1),y(1),pjt,pmean,pbase,pbrch
format(1x,7¢11.4)

if(igrad.gt.2)then

Pit=y(2)+y(7)

prt=y(10)+y(7)

write(6,427)prt,pjt

format(1x,’prop travel’,e11.4,’proj travel’,e11.4)
endif

continue

if(t.gt.tstop)goto 200

if(y(2)+y(7).gt.travp)go to 200

rmvelo=y(1)

tmvelo=y(3)
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200
311

312
313

314

318
303
327
319

315

317

328
135
136
320
321
322
323
324
325
326

disto=y(2)+y(7)

goto 19

write(6,311)t,y(3)

format(1x,’ deltat t', e14.6, ’ intg t’,e14.6)
write(6,312)pmaxm,tpmaxm

format(1x,’PMAXMEAN Pa ’,e14.6,” time at PMAXMEAN sec ’,e14.6)
write(6,313)pmaxba,tpmxba

format(1x,’PMAXBASE Pa ’,e14.6," time at PMAXBASE sec ’,¢14.6)
write(6,314)pmaxbr,tpmxbr

format(1x, PMAXBREECH Pa ’,e14.6," time at PMAXBREECH sec ’,e14.6)
if(y(2)+y(7).le.travp)go to 303

dfract=(travp-disto)/(y(2)+y(7)-disto)
mvel=(y(1)-tmvelo)*dfract+rmvelo

mvel=(y(3)-tmvelo)*dfract+tmvelo

write(6,318)rmvel tmvel

format(1x,’'muzzle VELOCITY m/s ’,e14.6, time of muzzle velocity s
&ec ',e14.6)

goto 319

write(6,327)y(1),y(3)

format(1x,’velocity of projectile m/s °,¢14.6," at this time msec
&’,e14.6)

efi=chwi*forcig/(gamai-1.)

efp=0.0

do 315 i=1,nprop

efp=efp+chwp(i)*forcp(i)/(gamap(i)-1.0)

continue

tenerg=efi+efp

write(6,317)tenerg

format(1x,’total initial energy available J = ’,¢14.6)
tengas=chwi*forcig*tgas/(gamai- 1.)/tempi

do 135 i=1,nprop
tengas=(frac(i)*chwp(i)*forcp(i)*tgas/tempp(i)/(gamap(i)-1.))+teng
&as

write(6,328)i,frac(i),tbo(i)

format(" FOR PROPELLANT .12, MASSFRACT BURNT IS ',¢14.6
&, at time in sec ’,e14.6)

continue

write(6,136)tengas

format(1x,’total energy remaining in gas J= ’,¢14.6)

write(6,320)elpt

format(1x,’energy loss from projectile translation J= ’,¢14.6)
write(6,321)elpr

format(1x,’energy loss from projectile rotation J= ’,e14.6)
write(6,322)elgpm

format(1x,’energy lost to gas and propellant motion J= ’,e14.6)
write(6,323)elbr

format(1x,’energy lost to bore resistance J= ’,e14.6)
write(6,324)elrc

format(1x,’energy lost to recoil J= ',¢14.6)
write(6,325)elht

format(1x,’energy loss from heat transfer J= ’,¢14.6)
write(6,326)elar

format(1x,’energy lost to air resistance J= ’,e14.6)
stop
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20 write(*,140)
140 format(1x,’end of file encounter’)
stop
30  write(*,150)
999 continue
998 continue
150 format(1x,’read or write error’)
| stop
‘ end
subroutine prf710(pd,gd,gl.np,x.frac,vol,surf,dsdx)
‘ common nslkpr,fracsi(10),dsdxs1(10),surfs1(10),
A & nslp(10),ts1(10),pbrch,pbase,pmean,bbr(10),abr(10),
& deltat,yar(20) igrad
dimension ts(10),coef(10)
pi=3.141593
- nsl=0
pd=perforation diameter
gd=OUTER DIA
gl=GRAIN LENGTH
NP=NUMBER OF PERFS

SURF=OUTPUT SURFACE AREA
frac=OUTPUT MASS FRACTION OF PROPELLANT BURNED

w = web = distance between perforation edges
= distance between outside perf edge and edge of grain

p = distance between perforation centers
x1 = distance to inner sliver burnout

x2 = distance to outer sliver burnout (frac=1)

oo aNannn

if(np.eq.0) go to 2000

IF(NP.EQ.1) GO TO 3000

IF(NF.eq.7)GO TO 61

if(np.eq.19)go to 4000

if(np.eq.15)go to 5000

60 WRITE(6,90)
90 FORMAT(1X,"UNACCEPTABLE GRANULATION")
STOP
61 w=(gd-3.*pd)/4.
=w+pd
sqr3=sqrt(3.)
x1=d/sqr3-pd/2.
x2=(14.-3.*sqr3)*d/13.-pd/2.
- vO=pi/4.*gl*(gd*gd-7.*pd*pd)

s0=2.*v0/gl+pi*gl*(gd+7.*pd)
if (x.gt.w/2.+.0000001) goto 20
vol=pi/4.*(gl-2.*x)*((gd-2.*x)**2-7 *(pd+2.*x)**2)
surf=2.*vol/(gl-2.*x)+pi*(gl-2.*x)*((gd-2.*x)+

& 7.*(pd+2.*x))
frac=1.-volN0




20

26

726

25

30

dsdx=-4*pi*(gd+7.*pd-3.*gl+18.*x)

dsdxsl(kpr)=dsdx

fracsl(kpr)=frac

surfsl(kpr)=surf

retumnm

nsl=1

coef(kpr)=0.

if(igrad.eq.1.or.igrad.eq.2)go to 726

if(nslp(kpr).eq.1)goto 26

tsl(kpr)=yar(3)

ts(kpr)=w/2.*(-1.+(pbrch/pmean)**abr(kpr))/
& (bbr(kpr)*(pbase*1.e-6)**abr(kpr))

continue

coef(kpr)=(ts(kpr)+tsl(kpr)-(deltat+yar(3)))/ts(kpr)

if(coef(kpr).gt.1.)coef(kpr)=1.

if(coef(kpr).1t.0.)coef(kpr)=0.

if(x.ge.x2)goto 30

s1=0.

§2=0.

vi=0,

v2=0.

ds1dx=0.

ds2dx=0.

y=sqri((pd+2.*x)**2-d*d)

theta=atan(y/d)

al=theta/4.*(pd+2.*x)**2-d/4.*y

if(x.ge.x1)goto 25

v1=3./4.*(gl-2.*x)

v1=v1*(2 *sqr3*d*d-pi*(pd+2.*x)**2+24.*al)

s1=2.*v1/(gl-2.*x)

s1=s1+3.%(gl-2.*x)*(pi-6.*theta)*(pd+2.*x)

yl=sqri((gd-2.*x)**2-(5.*d-2.*(pd+2.*x))**2)

chi=atan(y1/(5.*d-2.*(pd+2.*x)))

y2=sqrt((pd+2.*x)**2-(3.*d-2.*(pd+2.*x))**2)

phi=atan(y2/(3.*d-2.*(pd+2.*x)))

a2=phi*(pd+2.*x)**2-chi*(gd-2.*x)**2

a2=(a2+2.*sqr3*d*sqrt((3.*d-pd-2.*x)*(3.*d-gd+2.*x)))/8.

v2=pi*(gd-2.*x)**2-6.*sqr3*d*d-4.*pi*(pd+2.*x)**2

v2=(v2+24.*(al+2.*a2))*(gl-2.*x)/4.

§2=2.*v2/(gl-2.*x)

$2=52+(gl-2.*x)*((pi-6.*chi)*(gd-2.*x)+2.*(2.*pi-3.*phi-3.*theta

& )*(pd+2.*x))

vol=v1+v2

surf=sl4s2

frac=1.-voIN0

dsdx=-surf/(x2-x)
dsdx=coef(kpr)*dsdxsl(kpr)+(1.-coef(kpr))*dsdx
dsdxsl(kpr)=dsdx
frac=coef(kpr)*fracsl(kpr)+(1.-coef(kpr))*frac
fracsl(kpr)=frac
surf=coef(kpr)*surfsl(kpr)+(1.-coef(kpr))*surf
surfsl(kpr)=surf

return

vol=0.
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surf=0.
frac=fracsl(kpr)*coef(kpr)+1.-coef(kpr)
fracsl(kpr)=frac
if(frac.gt..9999) frac=1.
if(frac.gt..9999)retumn
dsdx=0.
dsdx=dsdxsl(kpr)*coef(kpr)
dsdxsl(kpr)=dsdx
if(abs(dsdx).it.1.)dsdx=0.
surf=surisi(kpr)*coef(kpr)
surfsl(kpr)=surf
retum

C

C ZERO PERF CALCULATIONS START HERE.

C

2000 if(gd-2.*x.1e.0.0) go to 2001
vO=pi*gd*gd/4.*gl
vol=pi*(gd-2.*x)**2/4.*(gl-2.*x)
frac=1.-vol/v
surf=pi/2.*(gd-2.*x)**2+pi*(gd-2.*x)*(gl-2.*x)
dsdx=-2.*pi*(gd+gl-6.*x)
return

2001 surf=0,
frac=1.0
vol=0.
dsdx=0.
nsl=1
return

c

¢ one perf calculation starts here

¢

3000 if(gd-pd-4.*x.1e.0.0) goto 3001
v0=pi/4.*(gd*gd-pd*pd)*gl
vol=pi/4.*((gd-2.*x)**2-(pd+2.*x)**2)*(gl-2.*x)
frac=1.-volv0
surf=pi/2.*((gd-2.*x)**2-(pd+2.*x)**2)
surf=surf+pi*(gd-2.*x)*(gl-2.*x)
surf=surf+pi*(pd+2.*x)*(gl-2.*x)
dsdx=-4.*pi*(gd+pd)
retumn

3001 surf=0.
frac=1.0
vol=0.
dsdx=0.
nsl=1
return

Below is the calculation for the cylindrical 19 perf grain.
INPUT
P = PERF DIAMETER

D = GRAIN DIAMETER
GL = GRAIN LENGTH

slolololeleloKe!
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X = DISTANCE BURNT
OUTPUT

VOL = THE VOLUME OF ONE GRAIN AT X.
SURF = THE SURFACE AREA OF ONE GRAIN AT X.
FRAC = THE FRACTION OF GRAIN BURNT AT X.

W=WEB

000 p=pd
d=gd
W=(D-5.*P)/6.
PI1=3.141592654
SQRT3=SQRT(3.) -
SQRT5=SQRT(S.)
SQRT6=SQRT(6.)
SQRT10=SQRT(10.)

aOOAQNQAGANAQN

INITIAL VOLUME AND SURFACE AREA

oXoke]

VO0=P1/4.*GL*(D*D-19.*P*P)
S0=2.*VO/GL+PI*GL*(D+19.*P)

X1 = DISTANCE TO INNER SLIVERR BURNOUT

X2 = DISTANCE TO OUTER SLIVER BURNGUT

DBC = DISTANCE BETWEEN PERFORATION CENTERS

ASSUMES BURNOUT DOES NOT OCCUR IN LONGITUDINAL DIRECTION
W1 = SECONDARY WEB

olololoXolole]

DBC=W+P
W1=0.5%(D-P-2.*SQRT3*DBC)
X1=DBC/SQRT3-P/2.
X2=0.25*(DBC*(6.-SQRT10)-2.*P)
IF(X.GT.W/2.)GO TO 110

NOT SLIVERED YET

oloXe!

VOL=PI/4.*(GL-2.*X)*((D-2.¥X)**2-19.*(P+2.*X)**2)
SURF=2.*VOL/(GL-2.*X)+PI*(GL-2.*X)*(D-2.*X+19.*(P+2.*X))
dsdx=pi*(-4*D+36*GL-76*P-216*x)
FRAC=1.-VOL/V0

dsdxsl(kpr)=dsdx

fracsl(kpr)=frac

surfsl(kpr)=surf
RETURN

V1=TOTAL VOLUME OF INNER SLIVER, V2=TOTAL VOLUME OF OUTER SLIVER
S1=TOTAL SURFACE AREA OF INNER SLIVERS, S2=TOTAL SURFACE AREA OF
OUTER SLIVERS

oXololele!

sk
i
(-]

Vi=0.
V2=0.
S1=0.
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728

727

120

125

130

$2=0.

DELTA=0.

CHI=0.

NSL=1
cocf(kpr)=0.
if(igrad.eq.1.or.igrad.eq.2)go to 727
if(nslp(kpr).eq.1)goto 728
tsl(kpr)=yar(3)
ts(kpr)=w/2.*(-1.+(pbrch/pmean)**abr(kpr))/

& (bbr(kpr)*(pbase*1.e-6)**abr(kpr))
continue
coef(kpr)=(ts(kpr)+tsl(kpr)-(deltat+yar(3)))/ts(kpr)
if(coef(kpr).gt.1.)coef(kpr)=1.
if(coef(kpr).1t.0.)cocf(kpr)=0.
A3=0.

IF(X.GE.X2)GO TO 130

THETA=ACOS(DBC/(P+2.*X))

A1=THETA/4.*(P+2.*X)**2-DBC/4.*SQRT((P+2.*X)**2-DBC*DBC)

IF(X.GT.X1)GO TO 120

V1=3.%(GL-2.#X)*(2.*SQRT3*DBC*DBC-PI*(P+2.*X)**2+24*A1)

S1=2.*V1/(GL-2.*X)+12.%(GL-2.*X)*(PI-6.*THETA)*(P+2.*X)
PHI=ACOS((5.*D-13.*P-36.*X)/(12.*(P+2.*X)))

XI=ACOS((13.*D-5.*P-36.*X)/(12.%(D-2.*X)))

IF(X.LE.W1/2.)GO TO 125

DELTA=ACOS((2.*D-P-6.*X)/(SQRT3*(D-2.*X)))

CHI=ACOS((D-2.*¥P-6.*X)/(SQRT3*(P+2.*X)))

A3=125%(CHI*(P+2.*X)**2-DELTA*(D-2.*X)**2

& +2.*SQRT6*DBC*SQRT(6.*DBC*(P+2.*X-DBC)-(P+2.*X)**2))
A2=125*(PHI*(P+2,*X)**2-XI*(D-2.*X)**2

& +2.*SQRTS*DBC*SQRT((5.*DBC-P-2.*X)*(5.*DBC-D+2.*X)))
V2=25%(GL-2.¥X)*(PI*(D-2.*X)**2-7 *PI*(P+2 *X)**2

& -24*SQRT3*DBC*DBC+48.*(A1+A2+A3))
$2=2.*V2/(GL-2.*X)+(GL-2.*X)*((D-2.*X)*(PI-6.*(XI+DELTA))

& +(P+2.*X)*(7.*P1-6.*(2.*THET A+CHI+PHI)))

VOL=V1+V2

SURF=S§1+S2

DSDX=-SURF/(X2-X)

FRAC=1.-VOL/V0
dsdx=coef(kpr)*dsdxsl(kpr)+(1.-coef(kpr))*dsdx
dsdxsl(kpr)=dsdx
frac=coef(kpr)*fracsl(kpr)+(1.-coef(kpr))*frac
fracsl(kpr)=frac
surf=coef(kpr)*surfsl(kpr)+(1.-coef(kpr))*surf
surfsl(kpr)=surf

RETURN
VOL=0.

SURF=0.
frac=fracsl(kpr)*coef(kpr)+1.-coef(kpr)
fracsl(kpr)=frac
if(frac.gt..9999) frac=1.
if(frac.gt..9999)retum
dsdx=0.
dsdx=dsdxsl(kpr)*coef(kpr)
dsdxsl(kpr)=dsdx
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if(abs(dsdx).1t.1.)dsdx=0.

surf=surfsl(kpr)*coef(kpr)

surfsl(kpr)=surf
RETURN

Below is the calculation for the 19 perf hex grain.

Translation of the input values.
p= perf diameter
d= grain diameter
gl= grain length
x= distance burnt

Translation of the output values.
vol= volume of one grain at x.
surf= surface area of one grain at x.
frac= mass fraction of the grain bumnt at x.

Ao nn

Assignment statement for pi.
000 pi=3.141592654
sqrt3=sqrt(3.)

p=pd

d=gd

W

d=6w + 5p is the statement for the grain diameter which will be
used to calculate the web.

To calculate the web.
w= (d-5.*p)/6.

O aaqaaaa

C Below is the equation to calculate the distance between the perf cen-
C ters.

dpc=p+w
C To calculate the grain diameter between the flats.

f= 2.*(sqrt3*dpc + p/2. + w)

C To calculate the distance bumnt.
X1=dpc/sqrt3-p/2.
X2= 0.125*(5.*dpc-4.*p)

C

C To calculate the area.
A=sqrt3/3.%((w+p/2.)**2)-pi/6.*((w+D/2.)**2)

C To calculate the initial volume of the sharp comer grain.
Vs=gl/4.%(2.*sqrt3*f**2-19.*pi*p**2)

C To calculate the volume that will be removed from the grain.
Vr=6.*A*gl

C

C To calculate the initial volume for the 19hex grain with rounded

C comers.
Vo= Vs - Vr

C

C To calculate the initial surface area of the sharp comer grain.
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Ss=2.*Vs/gl+gl*(2.*sqrt3*f+19.*pi*p)

C

C To calculate the surface area that will be removed from the grain.
Sr=12.*A+gl*(w+p/2.)*(4.*sqrt3-2.*pi)

C

C To calculate the initial surface area for the 19hex grian with rounded

C comers.
So= Ss-Sr

C

C To calculate the unknows of the grain under the condition x.le.5*w.
if(0.le.x.and.x.le.w/2.) then
A=sqrt3/3.%(w-2.*x+(p+2.*x)/2.)**2-pi/6.*
E(W-2.%x+(p+2.*X)/2.)¥*2

C To calculate the volume that will be removed from the sharp corner grain.
Vr=6.*A*(gl-2.*x)

C To calculate the volume for the sharp comer grain at some distance bumnt.
Vn=.25%(gl-2.*x)*(2.*sqrt3*(f-2.*x)**2.
& -19.*pi*(p+2.*x)**2.)

C To calculate the volume for the 19hex grain with rounded corners.
V= Vn-Vr
C
C To calculate the surface area that will be removed from the sharp
C comer grain,
Sr=12.*A+(gl-2.%x)*(W-2*x+(p+2.*x)/2.)*(4.*sqrt3-2.*pi)
C To calculate the surface area for the sharp comer grain.
Sn=2.*V/(gl-2.*x)+(gl-2.*x)*(2.*sqrt3*(f-2.*x)+
& 19.%pi*(p+2.*x))

C To calculate the surface area for 19hex grain with rounded comers.
S= Sn-Sr
C To calculate the mass fraction.
frac= 1-V/Vo
dsdx=-8.*sqrt3*(f-2.*x)-76.*pi*(p+2.*x)+(gl-2.*x)*(-4.*sqrt3+38.
& *piy+16*sqrt3*(w+p/2.-x)-8.%pi*(w+p/2.-x)+(gl-2.*x)*
& (4.*sqrt3-2.*pi)
surf=S
vol=V
dsdxsl(kpr)=dsdx
fracsl(kpr)=frac
surfsl(kpr)=surf
retumn
endif
C
C Due to the cross section at the sliver point x=.5*w there will be 24
C identical inner slivers,12 identical side slivers. After slivering the
C surface area and the volume function become more complex. Each type of
C sliver will be treated seperately and later the volumes will be combined
C to complete the function.

C

C To calculate the 12 identical side slivers for the grain x=.5/w.
nsl=1
coef(kpr)=0.

if(igrad.eq.1.or.igrad.eq.2)go to 729
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if(nslp(kpr).eq.1)goto 730
tsl(kpr)=yar(3)
ts(kpr)=w/2.*(-1.+(pbrch/pmean)**abr(kpr))/
& (bbr(kpr)*(pbase*1.e-6)**abr(kpr))
730  continue
coef(kpr)=(ts(kpr)+tsl(kpr)-(deltat+yar(3)))/ts(kpr)
if(coef(kpr).gt.1.)coef(kpr)=1.
if(coef(kpr).1t.0.)coef(kpr)=0.
729 if(w/2.]t.x.and.x.1t.X1.and.x.It.X2) then
C
C To calculate the areas of the grain.
A=sqrt3/3.%(w-2.*x+(p+2.*x)/2.)**2-pi/6.*
&(W-2.%x+(p+2.%*x)/2.)**2

theta=acos(dpc/(p+2.*x))

Al=theta/4.*(p+2.*x)**2-dpc/4. *sqrt((p+2.*x)**2-dpc**2)
omega=acos(2.*dpc/(p+2.*x)-1.)
A2=0.125*(p+2.*x)*((p+2.*x)*(omega+sin(omega))-2.*dpc*sin(omega))

C To calculate the volumes of the grain.
V1=3.*(gl-2.*x)*(2.*sqrt3*dpc**2-pi*(p+2.*x)**2+24.*Al)
V2=6.*(gl-2.*x)*(2.*dpc**2-dpc*(p+2.*x)-pi/4.*(p+2.*x)**2

&+2.*A144.*%A2)

C To calculate the surface areas of the grain,
S1=2.%V1/(gl-2.*x)+12.%(gl-2.*x)*(pi-6.*theta)*(p+2.*x)
$2=2.*V2/(gl-2.%x)+12.*(gl-2.*x)*(dpc+(p+2.*x)*(pi/2.-omega

&-theta-sin(omega)))
C To caiculate the total volume and total surface area.
Vi=V1+V2
Sf=S1+82
C To calculate the mass fraction.
frac=1.-Vf/Vo
surf=Sf
dsdx=-surf/(x2-x)
vol=Vf
dsdx=coef(kpr)*dsdxsl(kpr)+(1.-coef(kpr))*dsdx
dsdxsl(kpr)=dsdx
frac=coef(kpr)*fracsl(kpr)+(1.-coef(kpr))*frac
fracsl(kpr)=frac
surf=coef(kpr)*surfsl(kpr)+(1.-coef(kpr))*surf
surfsl(kpr)=surf

return

endif

if(x.gt.X1.and.x.It. X2)then

C To calculate the area of the grain.

A=sqri3/3.%(w-2.%x+(p+2.*x)/2.)**2-pi/6.*

&(W-2.%x+(p+2.%x)/2.)**2

theta=acos(dpc/(p+2.*x))

Al=theta/4.*(p+2.*x)**2-dpc/4. *sqri((p+2.*x)**2-dpc**2)
omega=acos(2.*dpc/(p+2.*x)-1.)
A2=0.125*(p+2.*x)*((p+2.*x)*(omega+sin(omega))-2.*dpc*sin(omega))

C To calculate the volume of the grain,

V2=6.*(gl-2.*x)*(2. *dpc**2-dpc*(p+2.*x)-pi/4.*(p+2.*x) **2
&+2.¥A144.*A2)

C To calculate the surface area of the grain.

$2=2.%V2/(gl-2.*x)+12.*(gl-2.*x)*(dpc+(p+2.*x)*(pi/2.-omega
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&-theta-sin(omega)))
C To calculate the volume and the surface area.
Vi=V2
Sf=S2
C To calculate the the mass fraction.
frac=1-Vf/No
surf=Sf
dsdx=-surf/(x2-x)
vol=Vf
dsdx=coef(kpr)*dsdxsl(kpr)+(1.-coef(kpr))*dsdx
dsdxsl(kpr)=dsdx
. frac=coef(kpr)*fracsl(kpr)+(1.-coef(kpr))*frac
fracsl(kpr)=frac
surf=coef(kpr)*surfsl(kpr)+(1.-coef(kpn))*surf
surfsl(kpr)=surf
returm
endif
if(x.gt.X2)then
dsdx=0.
surf=0,
vol=0,
frac=fracsl(kpr)*coef(kpr)+1.-coef(kpr)
fracsl(kpr)=frac
if(frac.gt..9999) frac=1.
if(frac.gt..9999)retum
dsdx=0.
dsdx=dsdxsl(kpr)*coef(kpr)
dsdxsl(kpr)=dsdx
if(abs(dsdx).1t.1.)dsdx=0.
surf=surfsl(kpr)*coef(kpr)
surfsl(kpr)=surf
return
endif
end
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APPENDIX 6:
INPUT DATA FOR IBRGA TEST
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INTENTIONALLY LEFT BLANK,
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9832.2384 12.7 12.7 1.0 0.0 457.2 4 1.00
3 0. 15.381732 46.482 15.381732 54.102 12.7
9.796 0 0.0 0.0
5 0.00.00.0 .6 0.0 1.3 0.0 300. 0. 457.
1.20 2 3.0e+4 0.0 8.0e+5 0.2
001135 .01143 46028 273. 1. 7.8612
106.34 9755 294. .004712 1.4
1
1135.84 3142.75 .97544 9.7959 1.6605 1.23 7 3.175 .0508 1.23063
1 1.0 .1105187 689.476
01 .1 30.



INTENTIONALLY LEFT BLANK.
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APPENDIX 7:
OUTPUT FROM IBRGA




INTENTIONALLY LEFT BLANK.
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the input file is 16315a
using rga gradient

chamber distance cm chamber diameter cm

0.000000E+00 0.153817E+02
0.464820E+02 0.153817E+02
0.541020E+02 0.127000E+02

chamber volume cm**3 0.982089E+04

groove diam cm 0.127000E+02

land diam cm 0.127000E+02

groove/land ratio 0.100000E+01

twist tumns/caliber  0.000000E+00

projectile travel cm 0.457200E+03

gradient # 4

friction factor 0.100000E+01

projectile mass kg 0.979600E+01

switch to calculate energy lost to air resistance J O
fraction of work against bore used to heat the tube 0.000000E+00
gas pressure Pa 0.000000E+00
number barrel resistance points 5

bore resistance MPa - travel cm

0.000000E+00 0.000000E+00

0.000000E+00 0.600000E+00

0.000000E+00 0.130000E+01

0.000C00E+00 0.300000E+03

0.000000E+00 0.457000E+03

mass of recoiling parts kg 0.100000E+21
number of recoil point pairs 2
‘recoil force N recoil time sec
0.300000E+05 0.000000E+00
0.800000E+06 0.200000E+00

free convective heat transfer coefficient w/cm**2 K 0.113500E-02
chamber wall thickness cm  0.114300E-01
heat capacity of steel of chamber wall J/g K 0.460280E+00
initial temperature of chamber wall K 0.273000E+03
heat loss coefficient 0.100000E+01
density of chamber wall steel g/cm**3 0.786120E+01

impetus of igniter propellant J/g 0.106340E+03
covolume of igniter cm**3/g 0.975500E+00
adiabatic flame temperature of igniter propellant K 0.294000E+03
initial mass of igniter kg 0.471200E-02
ratio of specific heats for igniter 0.140000E+01
there are 1 propellants
for propellant number 1
impetus of propellant J/g 0.113584E+04

127




adiabatic temperature of propellant K 0.314275E+04
covolume of propellant cm**3/g 0.975440E+00

initial mass of propcllant kg 0.979590E+01

density of propcllant g/cm**3 0.166050E+01

ratio of specific heats for propellant 0.123000E+01

number of perforations of propellant 7

length of propellant grain cm 0.317500E+01

diameter of perforation in propellant grains cm 0.508000E-01
outside diameter of propellant grain cm 0.123063E+01

for propellant 1 the total number of grains is 0.158099E+04
number of buming rate points 1

exponent coefficient pressure
- cm/sec-MPa**ai MPa
0.100000E+01 0.110519E+00 0.689476E+03

time increment msec 0.100000E-01 print increment msec 0.100000E+00
time to stop calculation .nsec  0.300000E+02

area bore m"2 0.126677E-01

pressure from ign pa  0.127925E+06

volume of unburnt prop mA3  0.589937E-02

init cham vol-cov ign m"3 0.981629E-02

time acc vel dis mpress pbase pbrch

0.1000E-04 0.1696E+03 0.1399E-02 0.5582E-08 0.1312E+06 0.1312E+06 0.1313E+06
prop travel 0.8638E-11proj travel 0.5582E-08

0.1100E-03 0.2182E+03 0.2070E-01 0.1070E-05 0.1688E+06 0.1688E+06 0.1689E+06
prop travel 0.1936E-08proj travel 0.1070E-0S

0.2100E-03 0.2790E+03 0.4545E-01 0.4327E-05 0.2159E+06 0.2158E+06 0.2160E+06
prop travel 0.8074E-08proj travel 0.4327E-05

0.3100E-03 0.3543E+03 0.7699E-01 0.1039E-04 0.2742E+06 0.2740E+06 0.2743E+06
prop travel 0.2001E-O7proj travel 0.1039E-04

0.4100E-03 0.4464E+03 0.1169E+00 0.2000E-04 0.3454E+06 0.3452E+06 0.3455E+06
prop travel 0.4001E-0O7proj travel 0.2000E-04

0.5100E-03 0.5576E+03 0.1669E+00 0.3410E-04 0.431SE+06 0.4312E+06 0.4317E+06
prop travel 0.7140E-Q7proj travel 0.3410E-04

0.6100E-03 0.6904E+03 0.2291E+00 0.5379E-04 0.5344E+06 0.5339E+06 0.5346E+06
prop travel 0.1190E-06proj travel 0.5379E-04

0.7100E-03 0.8474E+03 0.3058E+00 0.8040E-04 0.6560E+06 0.6553E+06 0.6563E+06
prop travel 0.1898E-06proj travel 0.8040E-04

0.8100E-03 0.1031E+04 0.3995E+00 0.1155E-03 0.7986E+06 0.7975E+06 0.7990E+06
prop travel 0.2943E-O6proj travel 0.1155E-03

0.9100E-03 0.1245E+04 0.5130E+00 0.1610E-03 0.9646E+06 0.9631E+06 0.9653E+06
prop travel 0.4479E-06proj travel 0.1610E-03

0.1010E-02 0.1493E+04 0.6497E+00 0.2189E-03 0.1157E+07 0.1155E+07 0.1158E+07
prop travel 0.6734E-06proj travel 0.2189E-03

0.1110E-02 0.1780E+04 0.8130E+00 0.2918E-03 0.1380E+07 0.1376E+07 0.1381E+07
prop travel 0.1005E-OSproj travel 0.2918E-03

0.1210E-02 0.2110E+04 0.1007E+01 0.3825E-03 0.1637E+07 0.1632E+07 0.1639E+07
prop travel 0.1494E-OSproj travel 0.3825E-03

0.1310E-02 0.2492E+04 0.1237E+01 0.4944E-03 0.1934E+07 0.1927E+07 0.1936E+07
prop travel 0.2217E-0Sproj travel 0.4944E-03

0.1410E-02 0.2931E+04 0.1507E+01 0.6312E-03 0.2276E+07 0.2266E+07 0.2281E+07
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prop travel 0.3292E-05proj travel 0.6312E-03

0.1510E-02 0.3437E+04 0.1825E+01 0.7974E-03 0.2673E+07 0.2658E+07 0.2679E+07
prop travel 0.4893E-0Sproj travel 0.7974E-03

0.1610E-02 0.4021E+04 0.2197E+01 0.9981E-03 0.3131E+07 0.3110E+07 0.3141E+07
prop travel 0.7289E-05proj travel 0.9981E-03

0.1710E-02 0.4694E+04 0.2632E+01 0.1239E-02 0.3662E+07 0.3630E+07 0.3676E+07
prop travel 0.1089E-04proj travel 0.1239E-02

0.1810E-02 0.5470E+04 0.3140E+01 0.1527E-02 0.4277E+07 0.4230E+07 0.4298E+07
prop travel 0.1630E-0O4proj travel 0.1527E-02

0.1910E-02 0.6361E+04 0.3730E+01 0.1870E-02 0.4989E+07 0.4919E+07 0.5020E+07
prop travel 0.2447E-04proj travel 0.1870E-02

0.2010E-02 0.7384E+04 0.4416E+01 0.2276E-02 0.5814E+07 0.5710E+07 0.5859E+07
prop travel 0.3681E-04proj travel 0.2276E-02

0.2110E-02 0.8556E+04 0.5212E+01 0.2757E-02 0.6769E+07 0.6616E+07 0.6836E+07
prop travel 0.5544E-O4proj travel 0.2757E-02

0.2210E-02 0.9892E+04 0.6133E+01 0.3323E-02 0.7874E+07 0.7650E+07 0.7974E+07
prop travel 0.8353E-04proj travel 0.3323E-02

0.2310E-02 0.1141E+0S 0.7196E+01 0.3988E-02 0.9153E+07 0.8825E+07 0.9300E+07
prop travel 0.1258F-03proj travel ().3988E-02

0.2410E-02 0.1313E+0S 0.8421E+01 0.4767E-02 0.1063E+08 0.1015E+08 0.1085E+08
prop travel 0.1891E-03proj travel 0.4767E-02

0.2510E-02 0.1507E+0S 0.9829E+01 0.5678E-02 0.1234E+08 0.1165E+08 0.1265E+08
prop travel 0.2835E-03proj travel 0.5678E-02

0.2610E-02 0.1724E+05 0.1144E+02 0.6740E-02 0.1431E+08 0.1333E+08 0.1475E+08
prop travel 0.4232E-03proj travel 0.6740E-02

0.2710E-02 0.1967E+05S 0.1328E+02 0.7974E-02 0.1658E+08 0.1521E+08 0.1719E+08
prop travel 0.6278E-03proj travel 0.7974E-02

0.2810E-02 0.2238E+0S 0.1538E+02 0.9405E-02 0.1918E+08 0.1731E+08 0.2003E+08
prop travel 0.9242E-03proj travel 0.9405E-02

0.2910E-02 0.2541E+05 0.1777E+02 0.1106E-01 0.2Z217E+08 0.1965E+08 0.2332E+08
prop travel 0.1348E-02proj travel 0.1106E-01

0.3010E-02 0.2882E+05 0.2047E+02 0.1297E-01 0.2560E+08 0.2229E+08 0.2710E+08
prop travel 0.1943E-02proj travel 0.1297E-01

0.3110E-02 0.3268E+05 0.2354E+02 0.1517E-01 0.2951E+08 0.2527E+08 0.3144E+08
prop travel 0.2765E-02proj travel 0.1517E-01

0.3210E-02 0.3709E+0S 0.2702E+02 0.1769E-01 0.3397E+08 0.2869E+08 0.3637E+08
prop travel 0.3877E-02proj travel 0.1769E-01

0.3310E-02 0.4217E+05 0.3098E+02 0.2059E-01 0.3903E+08 0.3261E+08 0.4194E+08
prop travel 0.5351E-02proj travel 0.2059E-01

0.3410E-02 0.4802E+05 0.3548E+02 0.2391E-01 0.4475E+08 0.3714E+08 0.4820E+08
prop travel 0.7263E-02proj travel 0.2391E-01

0.3510E-02 0.5475E+05 0.4060E+02 0.2770E-01 0.5119E+08 0.4234E+08 0.5518E+08
prop travel 0.9691E-02proj travel 0.2770E-01

0.3610E-02 0.6243E+05 0.4644E+02 0.3205E-01 0.5841E+08 0.4828E+08 0.6294E+08
prop travel 0.1271E-Olproj travel 0.3205E-01

0.3710E-02 0.7109E+05 0.5310E+02 0.3702E-01 0.6645E+08 0.5497E+08 0.7153E+08
prop travel 0.1641E-Olproj travel 0.3702E-01

0.3810E-02 0.8072E+05 0.6068E+02 0.4270E-01 0.7536E+08 0.6242E+08 0.8100E+08
prop travel 0.2085E-Olproj travel 0.4270E-01

0.3910E-02 0.9131E+05 0.6926E+02 0.4919E-01 0.8514E+08 0.7061E+08 0.9139E+08
prop travel 0.2611E-Olproj travel 0.4919E-01

0.4010E-02 0.1028E+06 0.7895E+02 0.5659E-01 0.9580E+08 0.7948E+08 0.1027E+09
prop travel 0.3228E-Olproj travel 0.5659E-01

0.4110E-02 0.1151E+06 0.8983E+02 0.6502E-01 0.1073E+09 0.8898E+08 0.1150E+09
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prop travel 0.3944E-Qlproj travel 0.6502E-01

0.4210E-02 0.1280E+06 0.1020E+03 0.7460E-01 0.1197E+09 0.9901E+08 0.1282E+09
prop travel 0.4767E-0lproj travel 0.7460E-01

0.4310E-02 0.1416E+06 0.1154E+03 0.8546E-01 0.1327E+09 0.1095E+09 0.1421E+09
prop travel 0.5707E-Olproj travel 0.8546E-01

0.4410E-02 0.1555E+06 0.1303E+03 0.9773E-01 0.1464E+09 0.1203E+09 0.1568E+09
prop travel 0.6774E-Olproj travel 0.9773E-01

0.4510E-02 0.1697E+06 0.1465E+03 0.1116E+00 0.160SE+09 0.1313E+09 0.1721E+09
prop travel 0.7980E-Olproj travel 0.1116E+00

0.4610E-02 0.1840E+06 0.1642E+03 0.1271E+00 0.1748E+09 0.1423E+09 0.1877E+09
prop travel 0.9336E-0O1proj travel 0.1271E+00

0.4710E-02 0.1981E+06 0.1833E+03 0.1444E+00 0.1893E+09 0.1532E+09 0.2035E+09
prop travel 0.1085E+00proj travel 0.1444E+00

0.4810E-02 0.2118E+06 0.2038E+03 0.1638E+00 0.2036E+09 0.1638E+09 0.2192E+09
prop travel 0.1254E+00proj travel 0.1638E+00

0.4910E-02 0.2249E+06 0.2256E+03 0.1852E+00 0.2175E+09 0.1739E+09 0.2347E+09
prop travel 0.1442E+00proj travel 0.1852E+00

0.5010E-02 0.2372E+06 0.2487E+03 0.2089E+00 0.2308E+09 0.1834E+09 0.2496E+09
prop travel 0.1648E+00proj travel 0.2089E+00

0.5110E-02 0.2485E+06 0.2730E+03 0.2350E+00 0.2433E+09 0.1922E+09 0.2637E+09
prop travel 0.1876E+00proj travel 0.2350E+00

0.5210E-02 0.2587E+06 0.2983E+03 0.2636E+00 0.2547E+09 0.2001E+09 0.2769E+09
prop travel 0.2124E+00proj travel 0.2636E+00

0.5310E-02 0.2677E+06 0.3247E+03 0.2947E+00 0.2651E+09 0.2070E+09 0.2889E+09
prop travel 0.2395E+00proj travel 0.2947E+00

0.5410E-02 0.2754E+06 0.3518E+03 0.3285E+00 0.2741E+09 0.2129E+09 0.2998E+09
prop travel 0.2689E+00proj travel 0.3285E+00

0.5510E-02 0.2817E+06 0.3797E+03 0.3651E+00 0.2819E+09 0.2178E+09 0.3092E+09
prop travel 0.3006E+00proj travel 0.3651E+00

0.5610E-02 0.2867E+06 0.4081E+03 0.4045E+00 0.2883E+09 0.2217E+09 0.3172E+09
prop travel 0.3348E+00proj travel 0.4045E+00

0.5710E-02 0.2903E+06 0.4370E+03 0.4467E+00 0.2933E+09 0.2245E+09 0.3239E+09
prop travel 0.3714E+00proj travel 0.4467E+00

0.5810E-02 0.2928E+06 0.4661E+03 0.4919E+00 0.2970E+09 0.2264E+09 0.3291E+09
prop travel 0.4105E+00proj travel 0.4919E+00

0.5910E-02 0.2940E+06 0.4955E+03 0.5400E+00 0.299SE+09 0.2274E+09 0.3329E+09
prop travel 0.4520E+00proj travel 0.5400E+00

0.6010E-02 0.2942E+06 0.5249E+03 0.5910E+00 0.3008E+09 0.2275E+09 0.3355E+(9
prop travel 0.4961E+00proj travel 0.5910E+00

0.6110E-02 0.2934E+06 0.5543E+03 0.6449E+00 0.3010E+09 0.2269E+09 0.3369E+09
prop travel 0.5428E+00proj travel 0.6449E+00

0.6210E-02 0.2918E+06 0.5835E+03 0.7018E+00 0.3003E+09 0.2257E+09 0.3371E+09
prop travel 0.5919E+00proj travel 0.7018E+00

0.6310E-02 0.2894E+06 0.6126E+03 0.7616E+00 0.2988E+09 0.2238E+09 0.3364E+09
prop travel 0.6435E+00proj travel 0.7616E+00

0.6410E-02 0.2864E+06 0.6414E+03 0.8243E+00 0.2965E+09 0.2215E+09 0.3348E+09
prop travel 0.6976E+00proj travel 0.8243E+00

0.6510E-02 0.2828E+06 0.6699E+03 0.8899E+00 0.2936E+09 0.2187E+09 0.3323E+09
prop travel 0.7542E+00proj travel 0.8899E+00

0.6610E-02 0.2788E+06 0.6979E+03 0.9583E+00 0.2901E+09 0.2156E+09 (.3293E+09
prop travel 0.8132E+00proj travel 0.9583E+00

0.6710E-02 0.2744E+06 0.7256E+03 0.1029E+01 0.2862E+09 0.2122E+09 0.3256E+09
prop travel 0.8746E+00proj travel 0.1029E+01

0.6810E-02 0.2697E+06 0.7528E+03 0.1103E+01 0.2820E+09 0.2085E+09 0.3214E+09
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prop travel 0.9384E+00proj travel 0.1103E+01

0.6910E-02 0.2647E+06 0.7795E+03 0.1180E+01 0.2774E+09 0.2047E+09 0.3169E+09
prop travel 0.100SE+01proj travel 0.1180E+01

0.7010E-02 0.2596E+06 0.8058E+03 0.1259E+01 0.2727E+09 0.2008E+09 0.3120E+09
prop travel 0.1073E+01proj travel 0.1259E+01

0.7110E-02 0.2544E+06 0.8315E+03 0.1341E+01 0.2677E+09 0.1968E+09 0.3069E+09
prop travel 0.1144E+01proj travel 0.1341E+01

0.7210E-02 0.2492E+06 0.8566E+03 0.1426E+01 0.2627E+09 0.1927E+09 0.3016E+09
prop travel 0.1217E+Olproj travel 0.1426E+01

0.7310E-02 0.2439E+06 0.8813E+03 0.1512E+01 0.2576E+09 0.1886E+09 0.2961E+09
prop travel 0.1292E+01proj travel 0.1512E+01

0.7410E-02 0.2385E+06 0.9054E+03 0.1602E+01 0.2525E+09 0.1845E+09 0.2905E+09
prop travel 0.1369E+01proj travel 0.1602E+01

0.7510E-02 0.2333E+06 0.9290E+03 0.1694E+01 0.2473E+09 0.1804E+09 0.2849E+09
prop travel 0.1449E+01proj travel 0.1694E+01

0.7610E-02 0.2281E+06 0.9521E+03 0.1788E+01 0.2422E+09 0.1764E+09 0.2793E+09
prop travel 0.1530E+01proj travel 0.1788E+01

0.7710E-02 0.2229E+06 0.9746E+03 0.1884E+01 0.2372E+09 0.1724E+09 0.2737E+09
prop travel 0.1614E+01proj travel 0.1884E+01

0.7810E-02 0.2179E+06 0.9967E+03 0.1983E+01 0.2322E+09 0.1685E+09 0.2681E+09
prop travel 0.1700E+01proj travel 0.1983E+01

0.7910E-02 0.2129E+06 0.1018E+04 0.2083E+01 0.2272E+09 0.1646E+09 0.2625E+09
prop travel 0.1787E+01proj travel 0.2083E+01

0.8010E-02 0.2081E+06 0.1039E+04 0.2186E+01 0.2224E+09 0.1609E+09 0.2570E+09
prop travel 0.1877E+0lproj travel 0.2186E+01

0.8110E-02 0.2033E+06 0.1060E+04 0.2291E+01 0.2176E+09 0.1572E+09 0.2516E+09
prop travel 0.1969E+01proj travel 0.2291E+01

0.8210E-02 0.1987E+06 0.1080E+04 0.2398E+01 0.2130E+09 0.1537E+09 0.2463E+09
prop travel 0.2062E+01proj travel 0.2398E+01

0.8310E-02 0.1943E+06 0.1100E+04 0.2507E+01 0.2084E+09 0.1502E+09 0.2411E+09
prop travel 0.2158E+01proj travel 0.2507E+01

0.8410E-02 0.1899E+06 0.1119E+04 0.2618E+01 0.2040E+09 0.1469E+09 0.2360E+09
prop travel 0.2255E+01proj travel 0.2618E+01

0.8510E-02 0.1857E+06 0.1138E+04 0.2731E+01 0.1997E+09 0.1436E+09 0.2310E+09
prop travel 0.2354E+01proj travel 0.2731E+01

0.8610E-02 0.1817E+06 0.1156E+04 0.2845E+01 0.1954E+09 0.1405E+09 0.2261E+09
prop travel 0.2455E+01proj travel 0.2845E+01

0.8710E-02 0.1777E+06 0.1174E+04 0.2962E+01 0.1913E+09 0.1374E+(9 0.2213E+09
prop travel 0.2558E+01proj travel 0.2962E+01

propellant 1 has slivered

0.8810E-02 0.1772E+06 0.1192E+04 0.3080E+01 0.1852E+09 0.1370E+09 0.2116E+09
prop travel 0.2662E+01proj travel 0.3080E+01

0.8910E-02 0.1773E+06 0.1209E+04 0.3200E+01 0.1814E+09 0.1371E+09 0.2052E+09
prop travel 0.2768E+01proj travel 0.3200E+01

0.9010E-02 0.1726E+06 0.1227E+04 0.3322E+01 0.1765E+09 0.1335E+09 C.1997E+09
prop travel 0.287SE+01proj travel 0.3322E+01

0.9110E-02 0.1674E+06 0.1244E+04 0.3446E+01 0.1714E+09 0.1294E+09 0.1938E+09
prop travel 0.2982E+01proj travel 0.3446E+01

0.9210E-02 0.1621E+06 0.1260E+04 0.3571E+(1 0.1662E+09 0.1254E+09 0.1879E+09
prop travel 0.3091E+01proj travel 0.3571E+01

0.9310E-02 0.1570E+06 0.1276E+04 0.3698E+01 0.1610E+09 0.1214E+09 0.1821E+09
prop travel 0.3200E+01proj travel 0.3698E+01

0.9410E-02 0.1519E+06 0.1292E+04 0.3826E+01 0.1559E+09 0.1175E+09 0.1763E+09
prop travel 0.3310E+01proj travel 0.3826E+01

131




0.9510E-02 0.1470E+06 0.1307E+04 0.3956E+01 0.1509E+09 0.1137E+09 0.1707E+09
prop travel 0.3421E+01proj travel 0.3956E+01

0.9610E-02 0.1422E+06 0.1321E+04 0.4087E+01 0.1461E+09 0.1100E+09 0.1652E+09
prop travel 0.3533E+01proj travel 0.4087E+01

0.9710E-02 0.1376E+06 0.1335E+04 0.4220E+01 0.1414E+09 0.1064E+09 0.1599E+09
prop travel 0.3646E+01proj travel 0.4220E+01

0.9810E-02 0.1332E+06 0.1349E+04 0.4354E+01 0.1368E+09 0.1030E+09 0.1548E+09
prop travel 0.3759E+01proj travel 0.4354E+01

0.9910E-02 0.1289E+06 0.1362E+04 0.4490E+01 0.1325E+09 0.9970E+08 0.1498E+09
prop travel 0.3873E+01proj travel 0.4490E+01

deltat t 0.998000E-02 intg t 0.998000E-02
PMAXMEAN Pa 0.301051E+09 time at PMAXMEAN sec  0.608000E-02
PMAXBASE Pa 0.227560E+09 time at PMAXBASE sec  0.598000E-02
PMAXBREECH Pa 0.337155E+09 time at PMAXBREECH sec  0.618000E-02
muzzle VELOCITY m/s 0.136949E+04 time of muzzle velocity sec  0.997004E-02
total initial energy available J = 0.483777E+08

FOR PROPELLANT 1 MASSFRACT BURNT IS 0.966455E+00 at time in sec 0.000000E+00
total energy remaining in gas J= 0.329127E+08

energy loss from projectile translation J=  0.920305E+07

energy loss from projectile rotation J=  0.000000E+00

energy lost to gas and propellant motion J= 0.311553E+07

energy lost to bore resistance J=  0.000000E+00

energy lost to recoil J= 0.188116E-11

energy loss from heat transfer J=  0.152361E+07

cnergy lost to air resistance J=  0.000000E+00
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APPENDIX 8:
INPUT DATA FOR XKTC
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GRADIENT TESTS 600 IN~ X6315A
TFFFTTT 110 00
25 -3 03500
100 1800 00001 2.0 0.05 0.01 0.0001
300 100 1100 100 1500 100
6 0 0 5 0 0 1 2 O O O 8
0

529. 14.7 2889 14

529.0

JA2 7PF LOT RH2-5 0.0 213 216 06
7 4845 0.020 1.25 7.

15000. 1.0 41754. S

8000. .00030 1.000 100000. .000300 1.000 0.0
19826000. 23.0000 12300 27.00

0.0 3.0279 183 3.0279 213 2.5 21.9
23.37 2.5 21056 25
6.0 0. 6.25 0. 7.2 00. 7.8
210.56 0.
1.77 0.0228 0.7
213 21.6 44.0 0.000
0.0 3. 12. 30. 40. 50. 80.
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