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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), interior ballistic simulations using
XNOVAKTC (XKTC) (Gough 1980) were in agreement with measured pressure-time curves and
pressure-difference curves. IBHVG2 (Anderson and Fickie 1987) calculations gave a maximum breech
pressure that 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 intrusion
was calculated to account for 14 MPa, with effects of flamespreading and intergranular stress a.counting
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. Further study demonstrated that the influence
of chambrage and propellant velocity lag could be represented in an analytic gradient equation (Robbins,
Anderson, and Gough 1990). This report extends both the traditional Lagrange gradient equation, and the
chambrage gradient equation, to account for boattail intrusion. It compares the analytic pressure gradient
with that predicted by XKTC and assesses the extent to which the effects of boattail intrusion account for

the differences in ballistic predictions.

The family of NOVA codes, of which XKTC is the latest version, has been used with uncompromised
databases to model gun systems successfully (Robbins, Koszoru, and Minor 1986; Robbins 1983; Robbins
and Horst 1984). Since XKTC calculates the pressure gradient from first principles, and agrecs with gun
firings, XKTC simulations are assumed correct. Accordingly, all the lumped-parameter computer runs,

with the different boattail gradients, are compared with equivalent XKTC computer runs.

1.1 Modcls. The analysis of the chambrage gradient cquation can be traced back as far as Vinti
(1942). The analyscs of the chambrage gradient equation, the original analyses of the propellant velocity
lag gradient equation, and the combination of the two were done by Gough (Robbins, Anderson, and
Gough 1990), who is also responsible for the initial development of the boattail gradient equation (Gough
in preparation). Similar analysis for the chambrage gradient for a different purpose has also been
performed (Morrison and Wren 1989). Reasonable assumptions for the accommodation of a boattail

intrusion were made, and this document represents the complete analysis.




1.2 Influence of Chambrage With a Bnattail Intrusion. For the chambrage gradient equation with
boatiail efiects, the propellant is assumed to be uniformly distributed between the breech and the base of
the projectile. The varniation in tube area is assumed to be confined to the chamber, while the arca of the
bore is constant. The boattail is assumed to be a right circular cylinder. This keeps the solution consistent

with the simplicity of the lumped-parameter code, reduces computation time (cuts down on integration)
and grealy simplifies the derivation.

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

through a tube with variable area are

HAp) , HpAuw) _ o

1
at dz ' W

P _
oz

+

du du
2
5 "% 0. @

where

A = cross-scctional area

P = pressure

p = density

u = velocity
= time

z = distance.

The systcm to be modeled is shown in Figure 1. With reference to the figure,

za = distance from breech to aft end of projectile

zp = distance from breech to base of projectile

A, = cross-sectional area of the boattail

Ag, = cross-sectional area of projectile base (excluding boattail)
Ag = cross-sectional area of bore

Ap  =Ast Ay

A = cross-sectional area of chamber

A, = cross-sectional area of the tube in the area of the boattail




A =A+A,
also
Vp, = projectile velocity
V(z,t) = volume up to position z, at time t
A(z,t) = area at position z, at time t

V(zp) = volume up to base of projectile.
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Figure 1. The system to be modeled.

The analysis, a detailed version of which is shown in Appendix A, considers two regions separately, the
region from the breech to the aft end of the projectile and the region from the aft end of the projectile to
base of the projectile. The analysis starts with the Lagrange assumption

ap _
= 0.

For

0xz<za,

the velocity, from the continuity equation (1), is

AgV,V(z)

—_— (4)
V(zp)A@z.b)

u(zt) =




and the velocity for

za <z 3 2zp

ApV V@) A,V -

u(zt) = .
V(zp)A(z,t) A(z,t)

For the portion of space behind the projectile, 0 < z < za, calculations of the pressure distribution from
the breech to the aft end of the projectile can be performed by taking:

P(z,t) = pressure at z and t

P(za,t) = P(za) = pressure at aft end of projectile at time t
C = total charge mass

Ppr = pressure at the breech

Pg = pressure at the base of the projectile

Prgs = resistive pressure to the motion of the projectile
Mp = mass of the projectile,

projectile acceleration,

P(Za)AA + PBABA - ABPRES

] e ©)

P

then using (4) and the momentum equation (2), P(za) can be written as

P(za) = za()Pgg + z3,(t) + zay()Pg, )

where

zaft) = : :

|, CABAAQ(22)
v Xzp)M,
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ViepM,
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V 2zpM,
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and

Q,(za) = f"(“‘:)az,
0 Aza’)

V%za-)

Qza) = — ,
A(za)

where

za” = lim,_,yza - €.

The pressure distribution P(7) is

. (®
P(s) = Ppg + |a3() + as(UPgg + a5(DPy[Q(z) + BIOQy (7).

where

2,2 2
CABVp ) CAgAza (1) X CAgPgres
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CA BA Azaz(l) CA BA BA

an = - > ,
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and

Now, focusing on the portion from the aft end of the projectile to the base of the projectile...

za <z szp,

P(2) = zag()Pgg + za;(1) + zay()Py + fk + a3()Q (za ™)
+ a,()PgQ,(za ") + as(PgrQ(za ™) + c3(1Qs(za ™)
+ c4(DPgQ;(za ) + c5(PrQ;(za *.1) b(Q,(.L)

+ hQu) + j;Qs(zl) + Ky, ®
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CAZza|() CA\AgPpes CViA,Ag
VzpM, VzpM, Vi)

c3(1) =

CAApa CAZza)®)

t) = ’
c® VapM, VapM,

CA2zat)

cs(t) = _sz—pr— .

fk = jump in pressure across the boattail

An analysis by Kooker (April 1991) indicates that the pressure drop across the boattail (which in a
one-dimensional analysis is equivalent to determining the pressure drop across a moving discontinuity in

area, Figure 2) is given by:

Figure 2. Presentation of a moving area in tube.

Mass balance:

Pl(ll] - vp)Al = pz(UZ - vp)AZ = th (10)




Momentum balance:

pz“z(“z - VP)A2 - plul(u, - VP)Al = PIAI - P2A2 + Pmean(Az -’Al)

an
A, + A
= - (P - P,)[ ' 2]
2
since
Pmcan = _;_(P] + Pz)
Thus,
2p(uy - VAU - wy) (2
(PZ - P]) = A+ A ’
1 2
where
Al = A(Za -))
Az = A(Za +),
= = C
170" Ve
up =u(za’,
u, =u(za'),
or
- - 1
" VP | Aza*) | VepA@ad) -

PZ_P1=

(A(za™) + A(za®))




Wc arc now at a point where the projectile basc and breech pressure can be determined. For usc in
lumped-parameter intcrior ballistic modcls, the gradicnt cquation is usually cast in terms of the mean

pressure (P):

7p
J.A(z,l)P(z,l)&t
p =2

m

ij"ff*‘(z.l)az
0

Substituting the pressure distribution and integrating,

P, = by(zp.t) + by(zp.)Py + by(zp)Ppy » (15)

vhere

a3(1)Q(za) + a3(1)Qg(zp) + b(1)Q4(zP)
V(zp)

bl(/p,[) =

. za,(1(V(zp) - V(za)) + k(V(zp)-V(za))
V(zp)

. (VG 22) + h)Qy(zp) + j;Qx(2p)
V(zp)

, ka(V@zp) - V(za)
V(zp)

_ 2(0Qy(za) + 2,()Qy(zr + za~()Y(V(zp) - V(za))
V(zp)

by(zp.)

. c4(VQg(zp)
Vip)




V(za) + as()Q+(za) + a5(1)Qq(zp)

by(zp.t) = G
. zag(t(V(zp) - V(za)) + csQgz p)
V(zp)
Qg(zp) = "A ((’l;’

and

za’ P2
e Ve,
Q,(xa) J A J WL

7p
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V@, l) 8/37. ;

Q(zp) = f A f

P(zp) can bc determined from (9) and can be written as

la(zp,t 1, (zp.t
3(2p )P 1zp.t)

P(zp) = Py = — —
(zp) = Py LD PR * LGP

where

Lizpt) = zaj(1) + [k + a;(0Q(zp) + ¢c3(1VQ5(xp)

+ b()Qy(zp) + h1Qu(zp) + j;Qs(2zp) + ky,

1

(16)




Lzp) = 1 - za,(1) - a,(HQ)(zp) - c4()Q3(zp) .

I3(zpt) = za5(1) + ag()Q;(zp) + c5()Q5(2p).

zp
= [ Y@
Qi - | Seon
za
. V 4(zp)
Qz(lp) = 5 .
A “(zp)
zp
oy = o9z
Q}(/P) . ‘m *
A%zp)
and
] 1
Q5(lp) = 5 .
A“@p)

Therefore, (15) and (16) arc solved simultancously:

P, . b,(zp.t) N 1,(zp.t)

- b3(7p'l) b3(zpol) 13(Zpol)
B b,cpD _ 1,pD
by(zp.t) l3(zp,t)

12

an




and
Lp),  Lizph)

= - . (18)
BR " T@pn B TapD
The energy in the fluid is represented by
dE = _;.u 24m , (19)
dm = pAdz ,
and using (4) and (5),
zp
E = [dE = - bQ4P) - MQ(zp) - j;Qs(zp) - (20)
0

2. CALCULATIONS

Interior ballistic simulations were performed with IBRGAB (Appendix B—an interior ballistic code
into which the boattail gradicnt had been incorporated) to investigate the influcnce on the interior ballistic
trajectory of a flat-bascd projcctile with a boattail (with and without chambragc). Thc samc simulations
were donc with XKTC using XKTC databases as consistent with those of IBRGAB as the physical scope
of XKTC allows.

The calculations performed with IBRGAB involved databases with cvenly distributed, scven-perforated
propellant having an initial porosity of 0.4579 and zero barrcl resistance, and assumcd the propellant
ignited at an initial instant. All calculations were performed for a flat-based projectile with and without

a boattail and no hcat loss.

The parameters uscd in the computer codes were:

Bore diameter 127 mm
Volume 01 m?

Travel 4572 m
Propcllant mass 9.0 kg
Projectile mass 2.25,9.0, 36.0.

13




Propellant characteristics were:

Impetus 1136 x 107 JAg

Covolume 976 x 1073 m>kg

Gamma 1.23

Flame tcmperature 3,143 K

Moleccular weight 23.0 kg/kg mole

Density .16605 x 10* kg/m>

Buming rate .00110519P' % m/s (P is in MPa).

The maximum breech pressure studied in IBRGAB was 500 MPa. It was obtained by varying the
outer diameter of the propellant grain, while holding the grain length constant at .0317Sm. Calculations

were performed for a combination of four chambers, each with four boattail values:

1) 0% chambrage with 0, 5, 10, 15% boattail
2) 5% chambrage with 0, 5, 10, 15% boattail
3) 10% chambrage with 0, 5, 10, 15% boattail
4) 15% chambrage with 0, 5, 10, 15% boattail.

The chamber with 0% chambrage and 0% boattail is a straight tube with the chamber diameter equal to
the bore diameter. The 5, 10, and 15% chambrage chambers were obtained by adding S, 10, and 15% of
the bore diameter, respectively, to the diameter of the breech for the 0% chambrage chamber. With the
increase in chambrage, there is a decrease in chamber length to keep the volume constant. The breech
diameter increases from .127 m to .146 m (0 to 15%), while the chamber length decreased to .78430 m
from .90782 m. The boattail length is held constant at .508 m and the boattail percentages simply
represent that fraction of the constant chamber volume. The different chambrage and boattail
combinations are arranged in tables according to the ratio of the charge mass to the projectile mass (c/m).
In the tables, the nomenclature, bt, refers to the boattail and ch refers to chambrage. Each maximum
breech pressure and muzzle velocity drop is clearly seen in both XKTC and IBRGAB portions of the
tables. Table 1 gives the baseline maximum breech pressures and muzzle velocities for each ¢/m in
XKTC and IBRGAB. In IBRGAB, maximum breech pressure is forced to SO0 MPa by varying the grain
diameter. An equivalent XKTC database was then made to yield the values given. Tables 2 through 4
contain the explicit results of the different combinations of boattail and chambrage, emphasizing the effects
of the boattail for ¢/m of .25, 1.0, and 4.0. For example, in any table, to go from the baseline calculation

14




to a 10% boatiail and a 5% chambrage, a boattail is added which is 10% of the chamber volume, and the
chamber description is altered by adding 5% of the bore diameter to the diameter of the breech. Amranged
in the same form are tables S through 6 depicting the differences from the effects of the boattail. The
differences are obtained by subtracting either the 5, 10, or 15% boattail result from the baseline result.
These values allow each table to clearly illustrate that a larger boattail combined with a larger chambrage
give a greater drop in maximum breech pressure and to show the maximum breech pressure drop increases

while the ¢/m ratio increases.

3. RESULTS

3.1 Baselines.

Table 1. Baselines (0 Boattail, 0 Chambrage)

cM XKTC IBRGAB
Pmax MUZZLE Ppax MUZZLE
— BREECH VELOCITY BREECH VELOCITY O.D.
(MPa) (m/s) (MPa) (m/s) (m)
.25 502.6 898.8 500.0 899.5 016599
1.0 540.3 1,641.3 499.9 1,596.8 .009879
4.0 512.8 2,5384 499.9 2,342.6 .007237
3.2 IB Calculations With Boattail and Chambrage.
Table 2. IB Calculation With Boattail and Chambrage, C/M of .25
OuTPUT XKTC IBRGAB
Pmax MUZZLE Pumax MUZZLE
%bt %ch BREECH VELGCCITY BREECH VELOCITY
(MPa) (m/s) (MPa) (m/s)
00 00 502.6 898.8 500.0 899.5
05 00 501.0 8979 4979 898.9
10 00 496.1 896.8 4959 898.3

15




Table 2. IB Calculation With Boattail and Chambrage, C/M of .25 (continued)

OUTPUT XKTC IBRGAB
%bt | %ch BEE{E%H vggggh?\( Bll;gf?éﬂ vhéll}gng

(MPa) (m/s) (MPa) (m/s)
15 00 497.8 896.1 494 .0 897.8
00 05 500.6 898.2 497.8 898.8
05 05 499 2 897.6 495.5 898.1
10 05 496.0 895.7 493 .4 897.4
15 0s 498 .8 897.1 4914 896.8
00 10 498.8 897.8 495.8 898.1
05 10 497.2 897.2 495.2 898.1
10 10 494 .8 895.9 491.0 896.7
15 10 489.4 893.2 488.8 896.0
00 15 497.) 897.3 494.1 897.6
05 15 495.7 896.8 4913 896.7
10 15 4933 7 896.0 488.7 896.0
15 15 489.0 893.6 486.3 895.2

Table 3. IB Calculation With Boattail and Chambrage, C/M of 1.0

OUTPUT XKTC IBRGAB
Pyrax MUZZLE Prax MUZZLE
%bt | %ch BREECH VELOCITY BREECH VELOCITY
(MPa) (m/s) (MPa) (m/s)
0 | 00 540.3 1,641.3 499.9 1,596.8
05 | 00 530.2 1,635.2 4934 1,593.1
10 | 00 516.3 1,626.9 487.1 1,589.5
15 | 00 509.5 1,623.7 481.3 1,586.0
0 | 05 531.7 1,638.3 492.8 1,592.0
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Table 3. IB Calculation With Boattail and Chambrage, C/M of 1.0 (continucd)

OUTPUT XKTC IBRGAB
PMax MUZZLE Ppax MUZZLE
%bt | %ch BREECH VELOCITY BREECH VELOCITY
(MPa) (m/s) (MPa) (m/s)
05 0s 523.0 1,632.7 485.7 1,587.8
10 05 510.8 1,625.2 479.0 1,583.6
15 05 507.0 1,623.2 a12.7 1,579.8
00 10 5235 1,635.3 486.4 1,587.8
05 10 515.0 1,629.9 480.3 1,584.4
10 10 505.0 1.623.1 471.3 1.578.7
15 10 491.0 1,624.6 464.7 1,574.2
00 15 515.8 1,632.3 4809 1,584.3
05 15 507.9 1,626.9 4723 1.579.1
10 15 498.3 1,620.5 464.4 1,574.0
15 15 486.6 1,612.1 457.1 1.569.0
Tablc 4. IB Calculation With Boattail and Chambrage, C/M of 4.0
OUTPUT XKTC IBRGAB
Prmax MUZZLE PMAX MUZZL.E
%bt | %ch BREECH VELOCITY BREECH VELOCITY
(MPa) (m/s) (MPa) (m/s)
00 00 5128 2,538.4 4999 2,342.6
05 | 00 510.1 2,523.1 485.6 2,328.5
10 00 505.9 2,499.9 4723 2,314.7
15 00 507.5 2,486.7 460.0 2,301.1
00 05 503.0 2,502.5 484.9 2,323.8
05 05 496.3 2,484.9 469.6 2.307.4
10 05 489.6 2,461.1 4555 2.290.9
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Tablc 4. IB Calculation With Boattail and Chambrage, C/M of 4.0 (continued)

ouTPUT XKTC IBRGAB

Pmax MUZZLE Ppax MUZZLE
bt %ch BREECH VELOCITY BREECH VELOCITY

(MPa) (m/s) (MPa) (m/s)
15 05 490.1 2,448 9 4425 2,276.9
00 10 494.0 2,469.9 4717 2,306.7
05 10 484.2 2.449.0 456.6 2,290.3
10 10 476.1 2,424.0 4399 2,270.0
15 10 464.3 2,391.7 426.2 2,252.3
00 15 485.1 2,440.3 460.3 2.291.8
05 15 472.8 24159 4422 2,270.6
10 15 463.6 2,389.1 4258 2,250.3
15 15 452.1 2,356.9 411.1 2,230.8

3.3. Drop in Pressure and Muzzle Velocity Due to Boattail.

Table 5. Drop in Pressure and Muzzle Velocity Due to Boattail, C/M of .25

OUTPUT XKTC IBRGAB
Gbt | %ch | APyax BRCH AMUZZLE VEL | APy,x BRCH AMUZZLE VEL
(MPa) (m/s) (MPa) (m/s)

00 00 0.0 0.0 0.0 0.0
05 00 1.6 0.9 2.1 0.6
10 00 6.5 2.0 4.1 1.2
15 00 4.8 2.7 6.0 1.7
00 05 2.0 0.6 2.2 0.6
05 05 34 1.2 4.5 1.4
10 05 6.6 3.1 6.6 21
15 05 38 1.7 8.6 33
00 10 38 1.0 4.2 1.4




Table 5. Drop in Pressure and Muzzle Velocity Due to Boattail, C/M of .25 (continued)

IBRGAB

OuUTPUT XKTC

obrt %ch APpax BRCH AMUZZLE VEL. APpax BRCH AMUZZLE VEL.
(MPa) (m/s) (MPa) (m/s)

0s 10 5.4 1.6 4.8 1.4

10 10 7.8 29 9.0 28

15 10 13.2 5.6 11.2 35

00 15 5.6 15 59 1.9

05 15 6.9 2.0 8.7 28

10 15 9.3 2.8 113 35

15 15 13.6 5.2 13.7 43

Table 6. Drop in Pressure and Muzzle Velocity Due to Boattail, C/M of 1.0

OuUTPUT XKTC IBRGAB
%bt | %ch | APpyax BRCH AMUZZLE VEL. APysax BRCH AMUZZLE VEL.
(MPa) (m/s) (MPa) (m/s)
00 00 0.0 0.0 0.0 0.0
05 00 10.1 6.1 6.5 3.7
10 00 240 144 12.8 7.3
15 00 30.8 17.6 18.6 10.8
00 05 8.6 3.0 7.1 4.8
05 05 17.3 8.6 14.2 9.0
10 05 29.5 16.1 209 13.2
15 05 333 18.1 27.2 17.0
00 10 16.8 6.0 13.5 9.0
05 10 253 114 19.6 12.4
10 10 353 18.2 28.6 18.1
15 10 49.3 16.7 35.2 22.6
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Tablc 6. Drop in Pressurc and Muzzle Velocity Due 1o Boattail, C/M of 1.0 (continued)

OUTPUT XKTC IBRGAB

%bt | %ch | APy,y BRCH | AMUZZLE VEL. | APy,yx BRCH AMUZZLE VEL.
(MPa) (m/s) (MPa) (m/s)

00 15 24.5 9.0 19.0 12.5

05 15 32.4 14.4 27.6 17.7

10 15 42.0 20.8 35.5 22.8

15 15 53.7 29.2 42.8 27.8

Table 7. Drop in Pressurc and Muzzle Velocity Due to Boattail, C/M of 4.0

OUTPUT XKTC IBRGAB
%bt | %ch | APy,y BRCH | AMUZZLE VEL. | APy BRCH | AMUZZLE VEL.
(MPa) (m/s) (MPa) (m/s)

00 00 0.0 0.0 0.0 0.0
05 00 2.7 15.3 14.3 14.1
10 00 6.9 38.5 27.6 27.9
15 00 5.3 51.7 39.9 41.5
00 05 9.8 35.9 15.0 18.8
05 05 16.5 53.5 30.3 35.2
10 05 232 77.3 44.4 51.7
15 05 22.8 89.5 57.4 65.7
00 10 18.8 68.5 28.2 35.9
05 10 28.6 89.4 43.3 52.5
10 10 36.7 114.4 60.0 72.6
15 10 48.5 146.7 73.7 90.3
00 15 27.7 98.1 39.6 50.8
05 15 40.0 122.5 57.7 72.0
10 15 49.2 149.3 74.1 92.3
15 15 60.7 181.5 88.8 111.8
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It was expected that the introduction of a boattail without any volu.:e change would lead to a lowering
of the maximum breech pressure. This was expected because the aft end of the projectile is subject to a
higher pressure than the basc of the projectile and therefore is accelerated faster. More chamber volume

is then opened up, leading 1o a decrease in maximum breech pressure (P_,.).

In the baseline analysis (Table 1, O boattail, 0 chambrage), the calculated maximum breech pressures
arc within 10% of the maximum breech pressures given by XKTC for a comparable databasc, and the

velocities arc within 8%.

With a ¢/m of .25, IBRGAB captures the boattail effects as measured by the change in maximum
breech pressure and velocity in a qualitative, if not quantitative manner. When compared to XKTC, the
calculations with 15% boattail and chambrage of 0 and 5% exhibit a rise in maximum brecch pressure

above that with 10% boattail. This was unexpected.

Again, for a ¢/m of 1.0, the agreement in the change in maximum brecch pressure is good. Note that
the changc in maximum breech pressurc in IBRGAB is slightly smaller than the change in maximum
breech pressure in XKTC, yet both are rather uniform.

Lastly, at ¢/m of 4.0, the pressure drop in XKTC for small boatails is unexpectedly small (less than
for ¢/m = 1). It is also smaller than that of the analytic gradient with boattail. Similar effects of the
reversal of the change in maximum breech pressures were observerd for a ¢/m of .25 in XKTC.

4. CONCLUSIONS

A boattail has been incorporated into the gradicnt equation of a lumped-paramctcer intcrior ballistics

modcl with reasonable cffects.

The gradient equation, with boattail addition, captures qualitatively, if not quantitatively, the cffects

for normal c¢/m’s (.25 and t.0).

For ¢/m of 4.0, or large ¢/m’s, somc qucstions remain about the physics of the gradicnt modcl.
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APPENDIX A:

THE DERIVATION OF A GRADIENT EQUATION
WITH AREA CHANGE IN A TUBE AND A BOATTAIL
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The continuity and momentum equations for the unsteady flow of
a homogeneous, inviscid substance through a tube with variable area

are

where

A
P
p
u
t
Y4

oo

a(A(Z, t)P) + a(LA(zl t)u(zn t)) - 0 (1)
at oz !
pau(azt, t) puau(;é t) 90%5 -0, (2)

cross sectional area
pressure

density

velocity

time

distance.

If we take the boattail to be a right circular cylinder (Figure

A-1),

M

A i
M\

then Ag

Ap
Agp
Ap
and A
A
A.

1

We start

M
za
zp

Figure A-1. The system to be modeled.

Agp *+ A,, where

cross—-sectional area of the boattail,

Area of the base of the projectile exposed to fluid,
Bore area;

Ap + A, where

external area of the tube,

internal area of the tube(account for boattail).

by examining the area from the breech to the aft end of
the projectile.

0<£2z<2za,

where A is the area associated with the chamber and tube wall.

Performing

the indicated differentiation of (1) and making the

Lagrange assumption,
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(1) becomes

dA(z, tlulz, t) . _Alz,t) dp _ OA(z,t)
dz P t ot

The density can be written as

_ c
P(or che fluidy = Vizp)

The fluid is considered to be composed of solid and
propellait

C = total mass of propellant (fluid),

or

C = initial mass of propellant (solid),

and

V(zp) = chamber volume up to the base of the projectile.

Differentiating the density gives

dp _ __p 0v(zp)
at Vizp) dt !

but
av(zp) _
~at A%
where Vp=velocity of the projectile.

With the boundary condition

u(o) =0
and
OA(z, t) _ 4
dat
for
0<z< za,
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(3) becomes
ARV, V(z, t)

. (5)
Az, t) V(zp)

ulz) =

...from the aft end of the boattail to the projectile base,
za < z £ zp .

Once again performing the indicated differentiation of (1) and
making the Lagrange assumption,

d(A(z, t)ulz, t)) _ Az, )AV,  QA(z,t)

dz V(zp) dat

Since the boattail is a right circular cylinder

0A(z, t) -
e

where A = A; accounts for boattail area;

for
za < z s zp
and
F4 b4
AV
d(A(z, t)ulz,t)) = —2 B [ A(z, t)0z ,
f‘(( Yu(z, £)) V(zp)f'( )
za za
where
za® = 1lim, ;za + € .
+ + ABV +
A(z,t)u(z, t) - A(za*)u(za*) = —L [V(z,¢t) - V(za*, t)] ,
V(zp)
and with the boundary condition
u(Zp) = Vp ’
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v (V(zp)A(zp) - Ax(V(zp) - V(za*))

P V(zp)A(za*) = u(za’)

Since Ag = Ap + App and A(zp) =Ag,,

u(za®) = Vp(A,V(za’) - A‘V(zp)).
V(zp)A(za*)

Therefore,
Az, lu(z, t) = —‘-,‘f‘(i';g)-(vu, £) - V(za*)) + v,[A’V(za;}(;pf‘V(zp)) :
and
iz b = VAVz O A (€)

V(zp)A(z, t) Az, t)

To obtain the pressure distribution, we once again examine the area
from the breech to the aft end of the boattail.

0<xz<x2za.

Differentiate (5) with respect to time.

av, av(z, t)
g - '
du _ “ﬂ( ac)"‘z' 9. AV )
at V(zp)A(z, t) Vv(izp)A(z, t)

ApV,V(z, t) (GV(zp)) _ AZVviz, b) (aA(z, t))
v2(zp)A(z, t)\ 8t V(zp)A?(z,t)\ Ot

with
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then

Differenti

with

then

Substitute
equation,

AJ

ac %
L.,

VLzp) - v,

aAS?tﬂ 0,

du(z, t) _ AVVlz,t)  AjVpviz,t) ()
ot V(zp)A(z, t) VZ(zp)A(z, t)
ate (5) with respect to distance.
AV av(z, t)

du(z, t) _ ”"( oz )_ AV, V(z, t) (aA(z,t))

oz V(zp)A(z, t) V(zp)A%(z, t) dz

Wz b) - a(z,0) ,
oz
du(z, t) _ ABVp ABVDV(Z, t) JA(z, t)) - (8)
dz V(zp) V(zp)A?(z,t) dz
(4), (5), (7), and (8) into equation (2), the momentum

and we get the equation:
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c [A,vaz, £) AZVAV(z, ¢) )

V(zp)\ V(zp)A(z, t)  Vi(zp)A(z,t)

c AV Viz, t) ( A,,Vp)
V(zp) v(zp)A(z, t)\ vV(zp)

c  AVViz,t) ( AV, V(z, t) aA(z,t))) P _, .

" Vizp) Vizp)A(z, ) V(zp)A?(z, t) 0z 9z

Or
P _ ~CAVpV(z, t) . CAzVp V2 (z, t) (aA(Z,t)
oz Vi(zp)A(z,t) V3(zp)A3(z.t) )

and

z z z

fap ) f -CApV,V(2z, t) 3z *f CAZVaV3(z,t) (3A(z, t) )a
5 V2(zp)A(z, t) s V2 (zp)A%(z,t)\ 0Oz

[

With the definition P(0) = Py

P(z) = Py,

- 2 [

CAsVp sz(z t) 3A(z,t) 5,
Vi(zp) ¢ A%(z,t) Oz

Using Integration by Parts for the second part of equation (9),

fudv= uv - fvdu

with the following substitutions:

dv = OAlz, t)
Ad(z, t)
u=Vvi(z,t)
N S
2A(z,t)?

du=2V(z, t)dv = 2v(z,t)A(z,t)0z
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]‘Vz(z, t) 8A(z,8) 5, _ __Vi(z,t) , [2V(z, 0)A(zt)

+ =" 9z ,
s A¥(z,t) 0z 242(z,t) ¢ 2A%(z,t)

z
Vi(z,t) OA(z, t) 5, . -V3(z,t) Viz, t) (10)
o A’(z, t) 9z 9z 2A%(z, t) : fA(z. t) 9z .

By substituting from equation (10) into equation (9) and factoring,
the result becomes

CAV, , CAsVp

v2(zp) V3 (zp)
CAZVE v2 (z, t)
2V3(zp) A?%(z,t)

T V(z, t)
A A(z, t)

P(z) = Py, + |-

(11)

The acceleration of the projectile, dV,/dt, is defined as

dV,  P(za)A, + PpAg-AsP,,,

at m,

where m, = mass of the projectile.

Substituting dV,/dt into equation (10),

P(z) = P

Br

CA;Vy,  CAgA,P(za)
V3 (zp) VZ(zp)m,

v(iz, t)
.[A(z t)a

(12)
CABABAP B CAB res

Vi(zp)m, V*(zp)m,

+

V(z, t)
.{A(z t)a

CAZVEIV?(z,t)
2V3(zp)A%(z, t)
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Evaluating equation (12) at z = za and solving for P(za)
and defining P(za”) = P(za),

PB: +

CA:V: - Viz, t) dz - CApAprPp 7‘- V(z, t) oz
vi(zp) 4 Alz. t) vi(za)m, 4 A(z,¢)

P(za)

za“~
viz, t)
G ) Alz, t) 9z

Vz(zp)n5

CA:P", 7'- Viz, t) 7 - CA:VE Vvi(za-)
VZ(zp)m, Az, t) 2V3(zp) A%(za")

+ :

za’
V(z, t)
CA,A,{ 3 (g 0z

V’(zp)n5

1 +

or

P(za) = 2Z,,Ppp + Za3 * Za7Pp

where

za~
-y - [z, 8)
Ql(za ) J Alz, t)az '

v(za-)

Q;(za”) = A%(za")

Za0 T _ ’
. CARAQ, (za~)
vZ(zp)m,




cAZV? CASP,,, - CcAZVE 0. (za-)
V3( )01(2 ) + —-——Vz(zp)mPOI(za _Z—VJ( p) 2 |

z¢1 -
[1 . P (e

V2 (zp)m,

CAgAp0, (za™)
z V2 (zp)m,
“ 1+ CApAsQ; (za”)
VZ(zp)m,

Then
P(z) = Py, + [a,(t) + a,(t) Py + as (t) Py,)0, (2) + b(£)Q,(2) ,

where
2
CAsVp _ CApAxZy, | CApPyq,

2 (8 = vi(zp) Vizp)m, V*(zDp)m,
a, (t) = - CApAsZa; _  CApAps
4 VZ(zp)m, V?(zp)m,
CA A,z
a, () = -
CAp
b(t) = -
(e 2Vv3(zp)
_ [Viz,¢t)
0, (2) -fA(z 597 .
v
0,(z2) = Aztz
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Now the area from the aft end of the projectile to the base of the
projectile will be examined.

za < z=xzp

Velocity is now

. _ARViz, ) Ay 13
ulz,t) = GoP Az 6 Az oy (13)

Taking the partial derivative of u with respect to t and making
some substitutions

0A(z,t) _
dat

av(z, t) _
at

ov(zp) _
at 8V

the equation for du(z,t)/dt then becomes

dulz, t) _ VAsV(z, t) . VoAsA,
dat Vizp)A V(zp)A(z, t)
VRARV(z,t) AV,

Vi (zp)A(z,t) A(z, t)

Taking the partial derivative of equation (13) with respect to z,

av(z, t)
du(z, t) _ T
oz v(izp)A(z, t)

_ VARV(z, ) 3A(z,t) , PV dAa(z, t)
V(zp) A? 0z A%(z,t) Oz
oviz, t) _ A(z, t)
dz !
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dulz, t) _ VA, VA V(z, t) dA(z,t)
oz vizp) V(zp) A%(z,t) Oz
AAVD aA(zl t)
A%(z,t) dz

Since

dulz, t) du(z, t) , 9P _ , (14)

P—3ac  ‘TPUT3; z

equation (14) becomes

c ["',Aavu. 20 V:A,AA]
Vizp) | V(zp)A(z, t) Vizp)A

C
v(zp)

vi(zp)A(z, t) Az, t)

. _C (VPA,V(z,t) AV, ) V,Ap
vizp) \ V(zp)A(z, t) Az, t) ) vizp)

ViAsV(z, ) Ay
P

c ( VAsV(z, £) A, )[ V,AV(2, t) dA(z, t)]

T Vizp\Vizp)Alz, ) Alz, t) )| v(zp)A? dz

* Vo \Vizp Alz, 8] Alz 6) ) ai(z,t) 0z
ap _

+ — =0 .

0z

c [VPABV(z,t) AV, )[ AV, aA(z,t;)] (15)

Solving equation (15) for dP and integrating,

o CVAs [ Viz,t), , CAaVp [ 0z
faP— V2(zp)u,A(z,t)az V(zp)z[‘A(z,t)

za*

CVoAz ]' vi(z, t) A(z,t) 5,
vi(zp) ] A (z,t) 0z
_2CViA, f viz,b) dAlz,t) s , CAAVe [ 1 A (z.t)y,
vi(zp) J A%(z,t) dz v(zp) J A (z,¢) dz

(16)
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Integrating portions of equation (16) by parts

fvdu= uv-—fudv,

let
v=Vz,t ,

0A(z, t)
A3(z,t)
dv = 2V(z,t)A(z, t)dz ,

1
24%(z,t) '

then

Vi(z,t) 54 t__V(zt)’ V(z, t)
fA’(z (2. t) 2A%(z, t) za® fA(z t) 9z

__Viz,t) |, Vi(za') |, [ V(z.t),,
24%(z,t)  2a%(za’)  J Alz, ) 7

and letting
Viz, t) ,

0A(z, t)
A3(z,t)

A(z,t)oz ,

1
2A2(z,t) '

<
1}

du =

dv

then
z

__V(z,06)

2A%(z, t) za IZA(Z t)

f viz, t) aA(z £) =
JAYN(z, t
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L __Vlz,t) , _V(za') *j 3z
2A%(z, t) 2A%(za") z"a.li(z.t)

Also,

[ Az, t) _ 1 i 1[_ T, 1 ) .

J A%z 0 2%z 00w 2\ A%(z.6)  af(za)

Therefore, equation (16) becomes

]"ap= __CVAs T viz.t) s . AV [ dz
vi(zp) . Az, t) V(zp) a2 Alz, t)

za’*

2,2 [ z
CVpds | _V2(z,t) ., V(za') , [ V(z¢t)

d
V(zp)| 2A%(z,0)  2a*(za) ) A(z6)°

+

) 2CV§AAAJ_ viz,t) . _V(za)
V2 (zp) 2A%(z, t) 2A%(za*)

1 [ 9z
r2f[FEe
za

2,2
. A
V(zp)

wtw  weo )
2\ A%(z,t) A%(za*)

Using the definition for dV(z,t)/dz, and P(za), dV(z,t)/dz becomes
V. = 2aZaoPrr * ApZa; + ApZazPp + PpAm - AgPros

P mp

f CVAs T v(z,t) CAYV, 8z
oP = - B : A’p

z{ V2 (zp) u'A(z. t) 9z + vizp) Z[.A(z, £)

CVpA5 vi(z,t) , CV5As vi(za')
2V3(zp) A%(z,t) 2v3(zp) A%*(za*)
z
CVels [ V(z,t) 5. , CVoArdy Viz,t) _ CVpAAp V(za')

vi(zp) /] Alz t) VZ(zp) A%(z,t)  V%(zp) A%(za‘)
cv,,ZAAA,j 3z _ AV | CAZVE
Vi(zp) ;.A(z,6)  2V(zp)A*  2V(zp)A*(za')
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Therefore, P,(2) is
P,(z) = P(za*) - Mol(za') - Mol(za')
vi(zp)m, Vi (zp)m,
2
- CA:AAZ.ZPBQI(Z&') - CADAMPB Ql(za’) . CAQPIOJ ol(zao)
vi(zp)m, vZ(zp)m, V2 (zp) m,
CAAZ4oPs, . CAiz,, . CA2Z,,P, .
" Vizpim, 0, (za’) + V(zp)mpp’(z'a b V(zp)m,o’(za )
CAAME, oy - CPxAsPre, .
+ V(zp)mpo,(za ) V(zpim, 0,(za")
_ CViAr  v(z.t) CVaAs Vi(za“) CVpAs 0. (za)
2V3(zp) A%(z,t) 2V3(zp) A%(za") V3(zp) *
CV:AAAB Viz, t) CV:AAAB V(za‘) CV:A‘A,

V2(zp) A%(z,t)

r 9
;f.A(z?t)

Vi(zp) A%(za*) V2 (zp)
CAZ V2 . CA V?
2V(zp)A%(z,t) 2V(zp)A?(za*)

Using the following substitutions,

0, (za*) = 3
za’

z
V(Z, t) az ,

(z,¢t)

0,(za") = f———A(gft) ,
za'

the equation for P,(z) becomes
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P,(z) = Plza*) + a,(t)Q,(za") + a,(¢t) PO, (za")

+ ag (t) Py 0, (za*) + C(t)0s(za*) + C (t) P0,(za”)

cviaivi(za®) CV2A}
C.P * - (zp)
PGPy (2T AT (za) | 2V (ap) 2 P
CV3AxAp _ CVRAxA, v(za®) _ _CA
* vZ(zp) 0 (2p) Vi (zp) A%(za*) 2V(zp) Qs (zp)
CAZV?

+

2V(zp)A%(za*)

where

CA:ZH _ CAApPres _ CV;AAAB
v(zp) m, V(zp) m, V?(zp)

c,(t) =

CA,Ap, CAizZ a2

Cle) = V(zp) m, * v(zp)m, '

Gle) = VC(‘JiZ;.I:p
0,(zp) = 1‘;’2—2‘;—:—‘;-
e, (zp) = K"E(—(Z—Z'%
0,(zp) = -jz—(‘f—'?)— .

and aj, a,, ag, are the same as stated previously.
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From equations (5) and (6)

ViAsViza®) AV,  VAgV(za)

u(za*) - u(za-) =
V(zp)A(za*) A(za*) Vizp)A(za~)

letting
V(za*) = V(za~) = V(za)

i} VPABV(za)( 11 )_ A%
V(zp) A(za*) A(za") A(za*)

and noting

A(za~) - A(za*)

A, =
A(za*)A(za")

With the Kooker anaylsis,

fk = jump in pressure across the boattail.

An analysis by Kooker (April 1991) indicates that the pressure
drop across the boattail (which in a one-dimensional analysis is
equivalent to determining the pressure drop across a moving
discontinuity in area, Figure A-2) is given by:

Figure A-2. Presentation of a moving area in tube.
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Mass balance:
Pi(Uy - Vp)A, = P(u; - V)A, = b (17)

Momentum balance:

PoUy(U; - V)R, = PyUy(Uy = VA, = PiA; - PA; + PogeA; - A)

(18)
= -(p, - pﬂ[fﬁ;:;fz]
2
since
P, = -EP + P.
mean 2( 1 2)'
Thus,
2 - V,)A -
B, - By = 20t Ap)+ 2‘“2 ) (19)
1 2
where
A =A(za’),
A, = A(za’),
= = __L._
pl p2 V(zp) ’
u, = u(za-),
u, = u(za*),
or
P,(za') - Pj(za”) = fk =
-2CViA(za“)A,[ ApV(za) ) 2 (20)

Vizp)A(za*) V(zp)A(za‘)-
A(za~) + A(za*)

Therefore, P,(z) 1is
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P,(z) = P,(za*) + Pj(za") + fk

P,(2) = z,0Py, + 2Z,, + Z,,Pp + £k + a,0,(za")
+ a,Py0, (za*) + a;P, 0 ,(za*) + C,0,(za")
+ C Py, (za*) + CPy0,(za*) + b(t)Q,(za*) + h,0,(za*)
+ J,0,(za*) + k, .

Let
Py = P,(2zp)
Pyl - z,, - a,0,(2p) - C0,(2p)) =
Pp(zgo + asQ, (zp) + CSQ3(zp)) + Z,,
+ £k + a,0 (zp) + C,0,(zp) + b(t)Q,(zp) + h,Q,(zp)
+ J,0;(zp) + k,
Pyl = 1,Pp, + 1, ,
where

1, =z, + £k + a,0, (zp) + C,0,(zp)
+ b(t)Q,(zp) + h,Q,(2p) + 7,0,(zD) + k, ,

12 =1 - Z.z - a‘Ql(Zp) - C.Q)(zp) ’

1, = z,, + a0, (2zp) + C,0,(zp) ,

= Vi{z, t) az ,

@ (zp) = LA(z, t)
za




_ =z 0z
Q,(zp) = f—A—(;,_t_)- ’
za*

0,(zp) = {;i—:ﬁ—;
0, (zp) = IV}(%)T
O.(zp) = :;;f;;; ’
_ ~CAViV(za) A, CA2V,? . CVZAZV? (za)

: V2 (zp) A?(za) 2V(zp) A% (za) 2V (zp) A?(za)

_ CAAV;
' vi(zp)
-CA V;

Ja = 2V(zp)

We are now at a point where the projectile base and breech
pressure can be determined. For use in lumped-parameter interior
ballistic models, the gradient equation is usually cast in terms of
the mean pressure (Pg):

zZp
fA(z. t)P(z, t)dz
Q

P =

m

zp
fA(z,t)az
0

za” zZp
[Alz,6)P(z, 003z + [Alz, )P, (2, 6)0z
[}

- za*

za" p
[A(z, t)oz + Z{A(z, t)oz
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Substituting the pressure distribution,

)7 za a4
[az. 00y, + [A(z.0)8,(0)03z + [Alz,£)a5(6) 0Py, 02
p =9 0 0

m

V(zp)

o 0 zp
fA(z, t)a, (t) Q,P0z + fA(z, t)b(t)Q,0z + fA(z, t) z,,Py, 0z
za" z8° za°

V(zp)

+

zp zp p
fA(z, t) z,,0z + fz,zP,az + fA(z, t) fkoz
za’ za’ za’

V(zp)

+

z2p £p
fA(z, t)a,Q,(za*)dz + fA(z, t)a,Pp0Q, (za")0z
za’ za’

v(zp)

+

p ®
fA(z, t)agPy, O, (za*)dz + fA(z, t) C,0,(za*)0z
za® za*

v(zp)

+

zp zp
[a(z. ) cPy0, (2a") 3z + [ Atz 6)C,P,,0,(za") 82
za® za’

V(zp)

+

P zp
[atz, 0b(e) 0,3z + fA(z, t) h,0,8z
za* za®

Vizp)

+

zp zZp
[a(z, 615,082 + [a(z, t) k32
za* za’

v(izp)

+

Rearranging P, and making some substitutions, the equation becomes
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a, ()@, + b(t)Qg + z,,(V(zp) - V(za))
P =
o V(zp)
. a,(t)Q, + fk(v(zp) - V(za)) + G (t)Q,
v(zp)

. h,Q,(za*) + j,0,(za) + k, (V(zp) - V(za))
v(zp)

V(za) + a,(t)Q, + a;(t) 0,

* Par v(zp)
Z2,0(V(zp) - V(za)) + C,(t) 0,
* Por v(zp)
. p a,(t)Q, + a, ()0, + z,,(V(zp) - V(za)) + C(t)Q,
B V{(zp) !
where
zp
_ [ V¥(z,¢t)
Qs = Az, t)
[+]
0 = [atz C)IXEZ 8 929z ,
0 [
Oy = fA(z c)fA( =2

za*

fA(z t)f V(z t) 0z9dz ,

and Qqp, Q,, Q4, and Q¢ are as stated previously.

Or

P, = b, + b,Py + byPy, ,
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where
a,(e)@, (za) + a,(t) 0, (zp) + b(t) Qs (zp)
v(zp)
, Zai(V(2p) - V(za)) + fk(V(zp) - V(za))
v(zp)
. G, (t)Qy(zp) + h0, (2D) + F,0,(zD)
v(zp)
. k,(V(zp) - V(za))
v(zp)

b, =

a,(t)Q,(za) + a,(t)Q, (zp)

b, = vizp)
. Z,,(V(zp) - V(za)) + C,(t)Qy(2D)
v(zp)
viza) + a,(t)Q,(za) + a0, (zp)
b, =
v(zp)
. Z,VizZD) - V{za)) + C,05(2D)
vV(zp)
Therefore,
Pm - bl bz
AL N
PEEE = Py, + 2
3 13
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P _b L
- b, b, 1,
Py = B, - I .
b, 1,

The energy of the fluid is represented by
dE = 2u®(z,t)dn ,
dm = pA(z,t)dz .

Integrating from 0 to zp,

zp zp

2
dE = ._u_.upA(z, t)oz

2a zZp
= P 2 P 2
Z{u(awAwmmz+2fu<mwau¢mz

za’

c 7' AjViV2(z, t)
2V(zp) . Az, t)vi(zp)

zp 2
c VAV(Z, E) AV, )
" 2v(zp) z[( Alz, £)9z

V(izp)A(z, t) Az, t)

zp zp
Ajv?

2,2 Z2a’ 2
de: CAgVp Vi(z, t) . CVp f

2V3(zp) 4 Alz,t) 2v(zp) V2 (zp)A(z, t)

za'

. oV 7’(_ 22,A,V(z,£) A )a
2V(zp)za‘ Vizp)A(z, t) A(z, t)
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.-
CAsVp “r vi(z,t) z + CVeAs [ vi(z,t) 3z
2v3(zp) 4 Alz,t) 2vi(zp) |, Alz.t)

- CVjAAAB’f viz, t) 5, , CVaAi F oz
Vi(zp) 4 Alz.t) 2v(zp) J Alz,t)

Substituting Q;(zp), Q3(zp), and Qg (which were previously defined)
into the energy of fluid equation,

cvia?
B peiA
Q,(zD) + —F—
5 2V3(zp) ° vi(zp) P 2V(zp)

CAEV? cv?
de = 2 » ) 0, (zp)

Volume and area terms for a straight tube (Lagrange tube):

V(za) = Apza

V(zp) = Agza + (zp-za)Ag,

za
V(z, t) 3z = za?

0, (za) ) Az, t) 2

zK’V(z, t) 5z = (Agza + (zp - za)Ag,)® (Aaz.a)2

Q1(Zp) = z’A(Z: £) ZA;‘ ZAZA
_ V¥(za) _
Qz(za) = A_z('—z—a—) = za2
0,(zp) = V24zp) _ (Aa?2 * Am(2p - 23))"  v(zp)

A%(zp) Ak Al
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Q(z)=zf 0z _ zp - za
11 2P Alz, ©) Am
za

- Vizp) _ V(zp)
Oulzp) = B, -

- 1 = 1
Qs(Zp) 2%(z, ) Aaz‘

f V2(z,t) 3z fAizzaz . T(A,za + (z - za) Ap)®
B

Qs(ZP) = —-———A( z, ) J A
_ Apza’ , BApza + (za - za)Ay)®  (Apza)’

3 3A% 34k

Viz, t) ABza3

0, (za) = fA(z, c)fA( £ 3z0z = 2 —
_ (zp - za)?
Qs (2D) = fA(z t)fA( Z, )82—————5———

za'

0, (zp) = [A(z t) f Xﬁz ‘é; 829z

_ (Apza + A, (zp - za))®  (Apza)’
64,2 64,2

(Apza)®  (Apza)®
6Ap,2 245,

(zp - za)

The energy term for the Lagrange tube:
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dE = %u’(z, t)dm

dm = pA(z, t)0dz

zp ®
= P [yu2 P
[dE‘ 2/ (z,t)A(z, t)0z + 2;{u’(z, t)A(z, t)0z

f V,Vz(z t)
w V(zp)2A%(z, t)

+7’( VAsV(z.t) AW,
\V(zD)A(z,6) ~ Alz, 0)

A(z,t)oz

2
)A(z, t)oz

= CAB 2 7 ZAgaz
2V3(zp) y Az

Zp, 2
c VAy(Apza + (2 - za)Ag,) ) 1
* 2V(zp) 2[( V(zp) Y, Amaz

CARV  za®
2V3i(zp) 3

Z] 2 p2¢cr2 2
2V(zp) Ag, V2 (zp) V(zp)
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- CAgvg za?
2V3(zp) 3

C viai T

- 2
¥ 2V(zp) Ap, V2 (2zp) n(Aaza + (z - za)Ap,) o0z

- C 2A,V3A,'F i
2v(zp)A,, V(zp) L(A,za + (z - za))oz

zp
*A}V:faz

Substituting Q,(zp), Q3(zp), and Qg(zp) into the equation, the
energy equation becomes

zp 2,2 2 ) s
= &XL - CVpAgAp CA, Vp
f 2V3 (zp) 06 (z ) —_—Vz (zp) Ql (Zp) + _.__2 V( zp) 03 (zp) .

[
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INTENTIONALLY LEFT BLANK.
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APPENDIX B:

USER’'S MANUAL AND CODE LISTING FOR RGA




INTENTIONALLY LEFT BLANK.
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D000 0000Q000000000000000000000000000O0

program ibrga

common nsll, kpr, fracsl(10), dsdxsl(10), surfsl(10), nslp(10),
1 tsl(10), pbrch, pbase, pmean, bbr(10), abr(10), deltat, y(20),
1 igrad

character cutfil * 10, bdfile * 10, style * 10

character title(l15) * 4, vsn * 4

dimension br(10), trav(10), rp(10), tr(10), forcp(l10), tempp(10),
1 covp( 10)

dimension chwp(10), rhop{(10), gamap(10), nperfs(10), glenp(1l0),
1 pdp(10 ), gdiap(10), alpha(10, 10), beta(10, 10), pres(10, 10)
dimension a(4), b(4), ak(4), d4d(20), p(20), z(20), frac(10),
1 surf(10 ), volp(10), dsdx(10), nbr(10), ibo(10), tbo(10),
1 d2xdt2(10), tng(1l0)

real lambda, jlzp, j2zp, j3zp, jdzp, jlzb, j2zb, j3zb, j4zb
real 11,12,13

dimension chdist (6), chdiam(6), bint (10), projtr(20), projms(20)
dimension nsl(10), surfo(10), dsdxn(10)

data pi/3.14159/vsn/’4hboat’/

USER’S MANUAL FOR IBRGA

IBRGA relies on an input database consisting of all
numerical parameters essential for running the code. Values may
be in metric units or in Imperial units, but must be consistent
throughout a dataset. 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 is to
appear, that is, from left to right. The data may be separated
by blanks or commas. Measurement units, if any, are shown to the
right of each input. 1In general, metric units of weight and mass
are the meter and kilogram, respectively; corresponding Imperial
units are the inch and pound. The only exceptions are Imperial
units of propellant impetus, which are foot-pounds per pound mass.

title card - up to 60 characters of title and identification

parameter information and placement:

A B C D E F G H I J K
record 1 Metric Imperial
A. - chamber volume (when canister (m** 3} (in**3)

model is used, this will be the
volume after canister bursts)

B. - groove diameter (m) (in)
C. - land diameter (m) (in)
D. - groove/land ratio (land, groove,

and groove/land ratio used to

calculate the tube bore area)
- twist (units are turns/caliber)
projectile travel {m) (in)
- gradient switch (integer value

designating the gradient equation

(1 = Lagrange, 2 = Chambrage,

Qmm
|
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OO0 0000000000000000000000000000000000000000000000000000

record
A, -
B. -

record
A. ~

B. -

c. -

record

record

A. -

B
c. -
D
E

3 = Two-phase, 4 = RGA,
5 = Lagrange w/ bt, 6 = Cham. w/ bt)
variable projectile mass switch
{0=no, 1l=yes)
igniter canister model switch
(0=no, l=yes)
friction factor (normally 1 for
granular, 0.01 for stick and
0.1 for partially cut propellant;
only used when gradient = 3 or 4)

la (read if and only if gradient = 5 or 6)
boattail diameter (m) (in)
boattail length {m) {(in)

lb (Read if and only if gradient = 2 or 4 or 6)
number of point pairs to describe
chamber geometry, integer I <= 5

initial distance from breech (m) {(in)
{must be 0.0)

diameter at initial distance {m) (in)
Ith distance from breech (m) (in)

(initial position of the base

of the projectile)
Ith diameter at Ith distance {m) (in)
{(used to calculate bore area -

overrides record 1 groove and

land diameter specifications)

{Note: chamber geometry is used

to calculate the chamber volume

which overrides record 1 chamber

volume description.)

2
projectile mass (kg) (1b)
switch to calculate energy lost
to air resistance, an integer
either 0 = no loss, or 1 = loss
fraction of bore resistance work
used to heat tube (0.0<=£f<=1.0)
gas pressure ahead of projectile (MPa) (psi)

2A (Read if and only if variable projectile mass
switch is 1)

number of point pairs to describe

variable projectile mass =< 20

initial projectile travel (m) (in)
(conceptually should be 0.0)

initial projectile mass (kq) (1b)
(overrides value from record 2)

projectile travel at which first (m) (in)
mass change occurs

new projectile mass at travel D. (kg) (1b)

58




OO0000000000000000000000000000000000Q0000Q00000000000000000O0

X

Yy

record

A.

B.

record

A.

B.
C.

record

A.
B.

!

Mmoo 0O

record

A.

e N @]

i-th projectile travel where mass (m)
change occurs
i-th new projectile mass value (kg)

2B (Read if and only if igniter
canister model switcn = 1)

pressure at which the igniter (MPa)
canister will burst
volume of igniter canister (m**3)

(used as chamber volume until

burst pressure achieved)
canister diameter (assumes a (m)
right circular cylinder)

3
number of pairs of barrel
resistance points (integer <= 10)

bore resistance (MPa)
travel (m)
Jth bore resistance (MPa)
Jth travel (m)

4

mass of recoiling parts (kg)

number of recoil point pairs
{must be an integer = 2)
recoil force (force to overcome (N)
before recoil start - rod preload)
time of rod preload (must be 0.0) (s)
recoil force (constant resistive (N)
force after rise time)
rise time (time to go from recoil (s)
start to constant resistive
recoil force)

5

free convective heat transfer (W/m**2/K)
coefficient

chamber wall thickness (wall (m)

depth whicl. is heated uniformly)

heat capacity of chamber wall (J/kg/K)

initial temperature of tube and (K)
chamber walls

heat loss coefficient (usually 1.,
but may be set to 0.0 in order to
eliminate heat Jloss)

density of chamber wal’ (kg/m**3)
6

impetus of igniter (J/kg)

adiabatic flame temperature of (K)
igniter material

covolume of igniter (m**3/kqg)

ratio of specific heats of igniter
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(in)

(1b)

(psi)

(in**3)

(in)

(psi)
(in)

(psi)
(in)

(1b)

(1b)

(s)
(1b)

(s)

(in~1lb/in**2
/s/K)
(in)

(in-1b/1b/K)
(K)

(1b/in**3)

(ft-1b/1b)

(K)

(in**3/1b)




OO0 0000000000000000000000000000000000000C0000000000C00000000000O0

*

E. - mass of igniter (kg)

record 7
A. - number of propellants
{integer <= 10)
record 8
A. - impetus of propellant (J/kqg)
B. - adiabatic flame temperature (K)
C. - covolume of propellant (m**3/kqg)
D. - ratio of specific heats
E. - mass of propellant 'kqg)
F. - density of propellant (kg/m**3)
G. - propellant form function indicator

(integer; may be one of:
0 solid cylindrical grain
1 single-perf cylindrical grain
2 spherical grain
7 seven-perf cylindrical grain
15 nineteen-perf hexagonal grain
19 nineteen-perf cylindrical grain)
H. - length of propellant grain (m)
I. - diameter of perforations in the (m)
propellant grains (ignored if not
required, but must be present)
J. - outside diameter of propellant (m)
grain (for the hexagonal grain
it is the distance between
rounded corners)

(Record 8 repeated for each propellant)

record 9
A. - number of burning rate triplet points
{(integer J <= 10)
B. - exponent
C. - coefficient
D. - pressure (upper pressure limit (MPa)

for which the previous exponent
and coefficient are valid)

- Jth exponent
- Jth coefficient
- Jth pressure (if pressure should (MPa)
exceed this limit, then this
burning rate equation is used
for all higher pressures)

(Record 9 repeated for each propellant)

record 10

A. - integration time increment {ms)
B. - print increment (ms)
C. - upper limit on integration time (ms)

for stopping calculation

60

{m/s—-MPa**e)

(m/s—MPa**e)

(1b)

(ft-1b/1b)
(K)
(in**3/1b)

(1b)
(lb/in**3)

(in)
(in)

(in)

(in/s-psi**e)
(psi)

(in/s-psi**e)

(psi)

(ms)
(ms)
(ms)




c* conversion factors for imperial units => metric units

C‘k

c length inches * .0254 > meters
c mass lb * .45359237 => kilograms
c area in*2 * ,00064516 => m*2

c volume in*3 * 0.000016387064 => m"3

o pressure 1b/in"2 * 6894.757 => pascals
C velocity ft/s / 3.28083 => m/s

c in/s * .0254 => m/s

c energy ft-1b * 1.3558179 => Jjoules
c in-1b * 0.1129848 => Jjoules
c density 1b/in"3 * 27679.9 => kg/m"3
c force/mass (ft-1b)/1lb * 2.989067 => j/kg

c covolume in~3/1b / 27679.9 => m*3/kg
c

c source: engineering design handbook metric conversion guide
c darcom pamphlet 706-470, july 1976
c

c density grams/cc * 1000. => kg/m"3
c

c call gettim(ihr,imin,isec, ihuns)

c

write( *, 830)
read( *, 840)bdfile
open{unit = 2, err = 810, file
1 ios)
nzp=0
rewind 2
write( *, 850)
read( *, 840)outfil
open(unit = 6, err = 820, file
do 10 i = 1, 20
p(20) .
y (20)
z{20)
d(20)
10 continue
write( *, 870)
read( *, 840 )style
mode = 0
if(style(l:1).eq.’m’" .or. style(l:1).eq.’M’) mode
if(style(l:1).eq.’e’ .or. style!l:1).eq.’E’) mode
if (mode.eq.0) write( *, 880)
if (mode.eq.0) stop
read (2, 885)title
write(6, 1236)title,vsn
write(6, 860)bdfile
read(2, *, end = 790, err = 800)cham, grve, aland, glr, twst,
1 travp, igrad, ivpm, ihl, fs0
if(igyrad.gt.1l)go to 20
write (6, 890)
igrad =1
go to 140

bdfile, status = ‘o0ld’, iostat =

outfil)

il

mononon
OO OOoO

i
[

define chambrage assumes nchpts=number of points to define
chamber > or = 2 < or = 5 (?),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.e. at the

QO0O000
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(o}

breech. assumes truncated cones.

20 if(igrad.eq.3)go to 130
if (igrad.eq.4)go to 30
if(igrad.GE.5)go to 25
write (6, 900, err = 800)
go to 40
25 read (2 , *, end = 790,err = 800) btdia,btlen
if (mode.eq.l)then
btvol=pi*btdia*btdia/4.*btlen
write(6,955)btdia,btlen,btvol
955 format(/,1x,’bjattail diameter m ’,el6.6/1x,’boattail length
am ‘,el6.6/1x,’'boattail volume m**3 ’,el6.6,/)
else
btvol=pi*btdia*btdia/4.*btlen
write(6,965,err=800)btdia,btlen, btvol
965 format(/,1x,’'boattail diameter in ‘,el6.6/1x,'boattail length
&in ’,el6.6/1x,’boattail volume in**3 ’,el6.6,/)
btdia=btdia*0.0254
btlen=btlen*0.0254
btvol=btvol*0.0254**3
cham=cham*1.6387064e-5
endif
35 if(igrad.eqg.5)then
write(6,975)
975 format (1x,’using lagrange with boattail gradient’)
go to 140
endif
if (igrad.eqg.6)then
write(6,995)
995 format (1lx,’using chambrage with boattail gradient’)
go to 40
endif
30 write(6, 910)
go to 40
40 read(2, *, end = 790, err = 800)nchpts, (chdist(i), chdiam(i), i
1 = 1, nchpts)
if (mode.eq.1)then
write(6, 920, err = 800) (chdist (i), chdiam(i), i = 1, nchpts)
goto 60
else
write (6, 925, err = 800) (chdist (i), chdiam(i), i = 1, nchpts)
do 50 i = 1, nchpts
chdist (i) = chdist (i) * 0.0254
chdiam(i) = chdiam(i) * 0.0254
50 continue
endif )

calculate chamber integrals and volume

60 if(nchpts.gt.5) write(6, 930, err = 800)
if(nchpts.gt.5)nchpts = 5
bore = chdiam(nchpts)
if (chdist (1) .ne.0.0)write(6, 940, err = 800)
chdist(l) = 0.0
do 54 I=1,nchpts
chdist (1)=0.01*chdist (I)
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c54

44

45

chdiam(I)=0.01*chdiam(I)

calculate chamber integrals and volume

if (nchpts.gt.5) write(6,44,err=30)

format (1x,’use first 5 points’)

if (nchpts.gt.5)nchpts=5

bore=chdiam(nchpts)

if (chdist (1) .ne.0.0)write(6,45,err=30)

format (1x,’ # points ? ‘)

chdist (1)=0.0

ptl=chdist (nchpts)

btd=btdia

btl=btlen

call jint(btd,btl,ptl,ptl,nchpts,chdist,chdiam,bint,bvol)
cham=bvol+btvol

write(6,47,err=30)bint (1) ,bint (3),bint (4)

format (1x, ‘bint 1 = /,el4.6," bint 3 = ‘,el4.6,’ bint 4 = r,eldq.
&6)

chmlen=chdist (nchpts)

go to 140

130 write(6, 950)
140 if(mode.eqg.l)then

150

write(6, 960, err = 800)cham, grve, aland, glr,
& twst, travp, igrad, ivpm, ihl, f£s0
cham=cham-btvol
endif
if (mode.eq.2)then
cham=cham/1.6387064e~-5
write(6, 970, err = 800)cham, grve, aland, glr, twst, travp,
1 igrad, ivpm, ihl, £fsO
cham = cham * 1.6387064e - 5
cham=cham~-btvol
grve = grve * 0.0254

aland = aland * 0.0254
travp = travp * 0.0254
endif

read(2, *, end = 790, err = 800)prwt0, iair, htfr, pgas0
if (mode.eq.1l)then

prwt = prwt0

pgas = pgas0 * 1.0eb
elseif (mode.eq.2)then

prwt = prwt0 * 0.45359237
pgas = pgas0 * 6894.757
endif

if (ivpm.eq.1l)then
read(2, * )nvpmp, (projtr(i), projms(i), i = 1, nvpmp)
if (mode.eq.l)write(6, 980)nvpmp, (projtr(i),
1 projms (i), i = 1, nvpmp)
if (mode.eq.2)then
write(6, 985)nvpmp, (projtr(i), projms(i), i = 1, nvpmp)
do 150 i = 1, nvpmp
projtr(i) = projtr(i) * 0.0254
projms (i) = prcims(i) * 0.45359237
continue
endif
prwt = projms(l)
prwtQ = prwt
if (mode.eq.2) prwt0 = prwt / 0.45359237
endif
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write (6, 1050)
if(ihl.eq.1l)then
read(2, * )burstp, highv, highd
if (mode.eq.l)write(6, 990)burstp, highv, highd
if (mode.eq.2)then
write(6, 1000)burstp, highv, highd
burstp = burstp * 0.006894757
highv = highv * 1.6387064e ~ 5
highd = highd * 0.0254
endif
burstp = burstp * 1l.e6
areaw = 4. * highv / highd + pi * highd * highd / 2.
endif

read(2, *, end = 790, err = 800)npts, (br(i), trav(i), i = 1, npts)
read(2, *, end = 790, err = 800)rcwt, nrp, (rp(i), tr(i), i=1,nrp)
read(2, *, end = 790, err = 800)ho, tshl, cshl, twal, hl, rhocs

read(2, *, end = 790, err = 800)forcig, tempi, covi, gamai, chwi

read(2, * )nprop

read(2, *, end = 790, err = 800) (forcp(i), tempp(i), covp(i),

1 gamap (i), chwp(i), rhop(i), nperfs(i), glenp(i), pdp(i), gdiap(i)

1, i= 1, nprop)

if (mode.eq.1l) then
write(6, 1010, err
write(6, 1030, errx
write(6, 1060, err

800)prwt0, iair, htfr, pgas0

800)npts, (br(i), trav(i), i = 1, npts)

800) rcwt, nrp, (rp(i), tr(i), i =1, nrp)
write(6, 1080, err 800)ho, tshl, cshl, twal, hl, rhocs
write(6, 1100, err 800) forcig, tempi, covi, gamai, chwi
write (6, 1236)title,vsn
write(6, 1120)nprop
write(6, 1130, err = 800) (i, forcp(i), tempp(i), covp(i),

1 gamap(i), chwp(i), rhop(i), nperfs(i), glenp(i), pdp(i),

1 gdiap(i), i = 1, nprop)

endif

if (mode.eq.2)then
write(6, 1020, err
write(6, 1040, err
write(6, 1070, err

800)prwt0, iair, htfr, pgasQ
800)npts, (br(i), trav(i), i = 1, npts)
800)rewt, nrp, (rp(i), tr(i), i = 1, nrp)
write(6, 1090, err 800)ho, tshl, cshl, twal, hl, rhocs
write(6, 1110, err 800) forcig, tempi, covi, gamai, chwi
write(6, 1236)title,vsn
write(6, 1120)nprop
write(6, 1140, err 800) (i, forxcp(i), tempp(i), covp(i),
1 gamap(i), chwp(i), rhop(i), nperfs(i), glenp(i), pdp(i),
1 gdiap(i), i = 1, nprop)
endif
do 170 j = 1, nprop
read(2, *,end= 790, err = 800)nbr(j), (alpha(j, i), beta(j, i)
1 , pres(j, i), i = 1, nbr(3j))
if (mode.eq.l)write(6, 1160)nbr(j)
if (mode.eq.2)write(6, 1170)nbr(j)
do 160 i = 1, nbr(j)
if(mode.eq.l)write(6, 1180) alpha(j, i), beta(j, i),
1 pres(j, i)
if (mode.eq.2)then
write(6, 1180) alpha(j, i), beta(j, i), pres(j, i)
rate = beta(j, i) * pres(j, i) ** alpha(j, i)
pres(j, i) = pres(j, i) * 0.006894757
beta(j, i) = 0.0254 * rate / pres(j, i) ** alpha(j,i)
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endif
160 continue
170 continue

convert units to program requirements

do 180 i = 1, npts
if(mode.eqg.l)br(i) = br(i) * l.eb
if (mode.eq.2)then
br(i) = br(i) * 6894.757
trav(i) = trav(i) * 0.0254
endif
180 continue
do 200 j = 1, nprop
if (mode.eq.2)then
forcp(j) = forcp(j) * 2.989067
covp(j) = covp(j) / 27679.9
chwp(j) = chwp(j) * 0.45359237
rhop(j) = rhop(j) * 27679.9
glenp(j) = glenp(j) * 0.0254
pdp(j) = pdp(3) * 0.0254
gdiap(j) = gdiap(j) * 0.0254
endif
do 190 i = 1, nbr(j)
pres(j, i) = pres(j, i) * l.eb
190 continue
200 continue
if (mode.eq.2)then
do 210 1 = 1, nrp
rp(i) = rp(i} * 0.1129848
tr(i) = tr(i) * 0.0254
210 continue

conversion factor for free convective heat transfer coeff
w/m**2 * (0.00064516 m**2/in**2) * (1.0/1.3558179 ft-lb-s/w) *
(12.0 in/ft) = 0.005710147 in-lb/in**2-s

ho = ho / 0.005710147

tshl = tshl * 0.0254

cshl = cshl * 2.,989067 / 12.0
rhocs = rhocs * 27679.9

rcwt = rcewt * 0.45359237
forcig = forcig * 2.989067
covi = covi / 27679.9

chwi = chwi * 0.45359237

tmpi = 0.
do 220 i
tmpi
kpr = i
call prf710(pdp(i), gdiap(i), glenp(i), nperfs(i), 0., frac(i)
1 , volp(i), surf(i), dsdx(i))
tng(i) = chwp(i) / rhop(i) / volp(i)
surfo(i) = surf (i)
write(6, 1150)i, tng(i)
220 continue
tmpi = tmpi + chwi
write(6, 1050)

1, nprop
tmpi + chwp(i)

o
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read(2, *, end = 790, err = 800)deltat, deltap, tstop,nzpi
write(6, 1190, err = 800)deltat, deltap, tstop
write( *, 1200)
deltat = deltat * 0.001
deltap = deltap * 0.001
tstop = tstop * .001
if (igrad.eq.2.or.igrad.eq.4.or.igrad.eq.6)go to 230
bore = (glr * grve * grve + aland * aland) / (glr + 1.)
bore = sqgrt (bore)
230 areab = pi * bore * bore / 4.
areaa=pi* (btdia/2.)**2
areaba=areab-areaa
lambda = 1. / ((13.2 + 4. * 10gl0(100. * bore)) ** 2)
iplot 0
pltdt deltat
pltt = 0
pmaxm
pmaxbr
pmaxba
tpmaxm
tpmxbr
tpmxba
tpmax = 0.0
a(l)
a(2)
a(3)
a({4)
b (1)
b (2)
b(3)
b (4)
ak (1)
ak (2)
ak(3)
ak(4)
vpl =
tr0 =
tcw =
if(igrad.eq.3)chmlen = cham / areab
if (igrad.eq.5)chmlen=(cham+btvol) /areab
zb = chmlen
zp = chmlen
grlen = 0.
grdiam = 0.
egama = 0.
do 240 i = 1, nprop
grlen = grlen + chwp(i) * glenp(i)
grdiam = grdiam + chwp{(i) * gdiap(i)
ibo(i) = 0
egama = egama + chwp(i) * gamap (i)
nsl(i) = 0
vp0 = chwp(i) / rhop(i) + vpO
240 continue
volgi = cham - vp0 - chwi * covi
grlen = grlen / (tmpi - chwi)
grdiam = grdiam / (tmpi - chwi)
egama = (egama + chwi * gamai) / tmpi
ism = 0
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0

250

260
270

280

odlnr = 0.

vf0 = cham - vp0

eps0 = 1. - vp0 / cham

eps = eps0

gasden = chwi / vf0

prden = tmpi / vp0

ug = 0.

up = 0.

pmean = forcig * chwi / volgi
if(ihl.eq.l)pmean = forcig * chwi /
1 (highv - vp0 - chwi * covi)
pbase = pmean

pbrch = pmean

opbase = pmean

volg = volgi

volgi = volgi + vpO
wallt = twal
tgas = tempi
told = 0.
tgaso = tgas
dtgaso = 0.
covl = covi
t = 0.

ptime = 0.0
ibrp = 12
z(3) = 1.

nde = ibrp + nprop
if(mode.eq.l)write(6, 1210)areab, pmean, vp0O, volgi
if (mode.eq.2)then

argl = areab / 0.00064516
arg2 = pmean / 6894.757

arg3 = vp0 / 0.000016387064
arg4 = volgi / 0.000016387064

write(6, 1220)argl, arg2, arg3, arg4
endif
write(6, 1236)title,vsn
write(6, 1230)
if (mode.eq.l)write(6, 1232)
if(mode.eq.2)write(6, 1234)
lines = 4
linmax = 62
iswl = 0
prwt0 = prwt
continue
do 690 j =1, 4

find barrel resistance

if (ivpm.pe.l)go to 270

do 260 k = 2, nvpmp
if(y(2) + y(7).1lt.projtr(k))go to 270
prwt = projms (k)

continue

if(ihl.eq.1l)go to 300

do 280 k = 2, npts
if(y(2) + y(7).ge.trav(k))go to 280
go to 290

continue
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k = npts

290 resp = (trav(k) - y(2) - y(7)) / (trav(k) - trav(k - 1))
resp = br(k) - resp * (br(k) - br(k - 1))
c
c find mass fraction burned
c
300 do 320 k = 1, nprop
kpr = k
if (ibo (k) .eq.1)goto320
nsll = 0
call prf710(pdp(k), gdiap(k), glenp(k), nperfs(k),
1 y{(ibrp + k), frac(k}, volp(k), surf(k), dsdx(k))

nsl(k) = nsll
if(nsl(k) .eq.0)goto 310
if(nslp(k).eq.l)go to 310
write(6, 1240)k
lines = lines + 1
nslp(k) =1
tsli(k) = y(3)
ism = 1
310 continue
if(frac(k).1lt..9999) go to 320
frac(k) = 1.
tbo(k) = y(3)
ibo(k) =1
ism = 1
write(6, 1250)k
lines = lines + 1
320 continue
if (ihl.eq.1l)goto370

c energy loss to projectile translation
elpt = y(11)
c elpt=prwt*y (1) *y(1)/2.

eptdot = prwt * y(l) * z(1)
z(11) = eptdot

c
c energy loss due to projectile rotation
c
elpr = y(12)
c
c elpr=pi*pi*prwt* ((y(l)+y(6))**2) /4 *twst*twst
c
eprdot = pi * pi * prwt * (y(l) + y(6)) * (z(1l) + z(6))
1 / 2. * twst * twst
z(12) = eprdot
c
c energy loss due to gas and propellant motion

if(igrad.eq.1l)go to 340
if (igrad.eq.3)go to 350
if (igrad.eq.4)go to 330
if (igrad.eq.5)go to 352
if (igrad.eq.6)go to 355
pt = y(2) + y(7)
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vzp = bvol + areab * pt

j4zp = bint(4) + ((bvol + areab * pt) ** 3 - bvol ** 3) / 3.
/ areab / areab

elgpm = tmpi * y(l) * y(l) * areab * areab * j4zp / 2. / vzp
/ vzp / vzp

go to 360

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 * j4zb

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

* (3. * y(1) * y(1) + 3. * y(1) * ullen * dlnrho + ullen ** 2

* dlnrho ** 2)

approximate epdot

Q

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

go to 360

elgpm = tmpi * (y(l) * y(1) - y(1) * y(6) + y(6) * y(6)) / 6.
go to 360

elgpm = areab * zb / 6. * (eps * gasden * ug * ug + (1. - eps)
* prden * up * up)

elgpm = elgpm + gasden * areab * ullen / 6. * (3. * y(1)
y(l) + 3. * y(1) * ullen * dlnrho + ullen ** 2 * dlnrho ** 2)

*

approximate epdot

OO0 Q000

epdot = tmpi * y(1) * z(1) / 3.
go to 360
z2p=y (2) +y (7) +chmlen
za=zp-btlen
vzp=zp*areab-btvol
vza=za*areab
write(6,2050)tmpi,vzp,areaa,y (1)
elgpm=tmpi*y (1) *y (1) /vzp/2.
elgpm=elgpm* (areab*areab/3./vzp/vzp* (areab*za**3
+((areab*za+areaba* (zp-za)) **3- (areab*za) **3) /areaba/areaba)
~areaa*areab/vzp/areaba/areaba* ((areab*za+areaba* (zp-za))
**2-(areab*za)**2)+areaa*areaa/areaba* (zp-za))
elgpml=tmpi*areab**2*y (1) **2/2./vzp/vzp/vzp
tagl=(areab*za**3/3.+
(areab*za+(zp-za) *areaba) **3/3./areaba/areaba-(areab*za) **3/
3./areaba/areaba)
elgpm2=tmpi*areab*areaa*y(l)**2/vzp/vzp
tag2={(areab*za+(zp-za)
*areaba) **2/2./areaba/areaba-(areab*za) **2/2./areaba/areaba)
elgpm3=tmpi*y (1) **2*areaa**2/2./vzp
tag3=(zp-za)/areaba
elgpm=elgpml*tagl-elgpm2*tag2+elgpm3*taqg3
write(6,2050)tmpi,vzp,areaa,y(l)
format(’ tmpi’,el7.10,’ vzp’,el7.10,’ areaa’,el7.10,’ y (1)’
,e17.10)

go to 360
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355

76

360

370

pt=y(2)+y(7)
ptl=pt+chmlen
call jint(btdia,btlen,ptl,ptl,nchpts,chdist,chdiam,bint,bvolzp)

vzp=bvolzp

glzp=bint (10)

g2zp=bint (2)

g6zp=bint (4)

q8zp=bint (8)

q3zp=bint (5)

qd4zp=bint (6)

q5zp=bint (7)

q9zp=bint (9)
write(6,76)qlzp,qup,q32p,q4zp,q52p,q62p,q7zp,q82p,pt1,pt2
format (1x,10e11.4)

delta=1.

ptl=chmlen+y (2)+y(7)

pt2=chmlen+y(2)+y(7)-btlen

zp=pt1l

za=pt2
calljint(btdia,btlen,ptl,pt2,nchpts,chdist,chdiam,bint,bvolza)
vza = bvolza

glza=bint (1)

g2za=bint (2)

gdza=bint (6)

gSza=bint (7)

gbza=bint (4)

g7za=bint (3)

q3zpza=q3zp

q9zpza=qlzp
write(6,77)qlza,q2za,q3za,q4za,q52a,q62a,q7za,q82a,pt1,pt2
format (1x,10ell.4)
elgpm=tmpi*y (1) *y (1) *areab**2*q6zp/2./vzp**3 - tmpi*areaa*areab*
&y (1) *y (1) *q9zpza/vzp/vzp + tmpi*y (1) *y(l) *areaa**2*q3zpza/
&2./vzp

elgpm1=tmpi*y(l)*y(l)*areab**2*q62p/2./vzp**3
elgpm2=tmpi*areaa*areab*y(1)*y(1)*qlzp/vzp/vzp
elgpm3=tmpi*y (1)*y(1) *areaa**2*q3zp/2./vzp
elgpm=elgpml-elgpm2+elgpm3

go to 360

energy loss from bore resistance
elbr y (4)

z(4) areab * resp * (y(1l) + y(6))
ebrdot = z(4)

energy loss due to recoil

elrc = rcwt * 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 *
1 (y(2) + y(7))

avden = 0.0
avc = 0.0
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390

400
410

avcp = 0.0
z18 = 0
z19 = 0
do 380 k = 1, nprop
z18 = forcp(k) * gamap(k) * chwp(k) * frac(k) / (gamap (k)
1 - 1.) / tempp(k) + z18
z19 = chwp(k) * frac(k) + z19
avden = avden + chwp(k) * frac(k)

continue
avcp = (z18 + forcig * gamai * chwi / (gamai - 1.) / tempi) /
1 (z19 + chwi)
avden = (avden + chwi) / (volg + covl)
avvel = .5 * (y(l) + y(6))
htns = lambda * avcp * avden * avvel + ho
z(5) = areaw * htns * (tgas - wallt) * hl
elht = y(5)
ehdot = z(5)
wallt = (elht + htfr * elbr) / cshl / rhocs / areaw / tshl +
1 twal
energy loss due to air resistance in tube
(assume no drag resistance on air/tube interface)
if(ihl.eq.l)goto 410
air = iair
z(8) = y(1l) * pgas * air
elar = areab * y(8)
eddot = z(8) * areab
recoil
z(6) = 0.0
if (pbrch.le.rp(l) / areab)go to 400
rfor = rp(2)
if(y(3) - tr0.ge.tr(2))go to 390
rfor = (tr(2) — (y(3) - tr0)) / (tr(2) - tr(l))
rfor = rp(2) - rfor * (rp(2) - rp(l))
z(6) = areab / rcwt * (pbrch - rfor / areab - resp)
if(y(6).1t.0.0)y(6) = 0.0
z(7) = y(6)
goto 410
tr0 = y(3)
continue
calculate gas temperature
eprop = 0.0
rprop = 0.0
dmfogt = 0.0
dmfog = 0.0
do 420 k = 1, nprop
eprop = eprop + forcp(k) * chwp(k) * frac(k) / (gamap (k)
1 -1.)
rprop = rprop + forcp(k) * chwp(k) * frac(k) / (gamap(k)
1 - 1.) / tempp(k)
dmfogt = dmfogt + forcp(k) * rhop(k) * tng(k) * surf(k) *
1 z(ibrp + k) / ((gamap(k) - 1.) * tempp(k))

dmfog = dmfog + forcp(k) * rhop(k) * tng(k) * surf(k) *
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420

430

440

450

460

1

z (ibrp + k) / (gamap(k) - 1.)
continue
tenerg = elpt + elpr + elgpm + elbr + elrc + elht + elar
tgas = (eprop + 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

vl = 0.0
covl = 0.0
do 430 k = 1, nprop
vl chwp(k) * (1. - frac{k)) / rhop(k) + vl
covl = covl + chwp(k) * covp(k) * frac(k)
continue
volg = volgi + areab * (y(2) + y(7)) - vl - covl
if(ihl.eq.l)volg = highv - vl - covl

calculate mean pressure

use

rl = 0.0
do 440 k = 1, nprop
rl = rl + forcp(k) * chwp(k) * frac(k) / tempp(k)
continue
pmean = tgas / volg * (rl + forcig * chwi / tempi)
if(ihl.eq.l)go to 640
resp = resp + pgas * air
if(igrad.eq.l)go to 590
if(igrad.eq.2)go to 450
if(igrad.eq.3)go to 470
if(igrad.eq.4)go to 540
if (igrad.eq.5)go to 582
if (igrad.eq.6)go to 585
if(iswl.ne.0)go to 460
pbase = pmean
pbrch = pmean
if(pbase.gt.resp + 1l.)iswl = 1
go to 620

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(l) * pt + bvol * pt * pt / 2. +
areab * pt * pt * pt / 6.

a2t = - tmpi * areab * areab / prwt / vzp / vzp

alf = 1. - a2t * jlzp

alt = tmpi * areak * (areab * y(l) * y(l) / vzp + areab * resp
/ prwt) / vzp / vzp

bt = - tmpi * y(1) * y(1) * areab * areab / 2. / vzp / vzp/vzp

bata = - alt * jlzp - bt * j2zp

gamma = alf + a2t * j3zp / wvzp
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480

490

delta = bata + alt * j3zp / vzp + bt * jd4zp / vzp

calculate base pressure

pbase = (pmean - delta) / gamma

calculate breech pressure

use

get

pbrch = alf * pbase + bata
go to 610

2 phase gradient equation

if (iswl.ne.0)goto 480

pbase = pmean

pbrch = pmean

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

go to 620

if(iswl.eqg.2)go to 580

vzp = cham + areab * (y(2) + y(7))
vzb = cham + areab * (y(10) + y(7))

phi = (

phidot = 0,
dmorho = 0.
dmcov = 0.
dmromw = 0.
rmomw = 0.

vfree = vzp - vl

do 490 k = 1, nprop
rmomw = rmomw + chwp(k) * frac(k) * forcp(k) / tempp(k)
phi = chwp(k) * frac(k) + phi
if (ibo(k).eqg.1l)go to 490
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)
continue
rmomw = 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.l.)go to 580

endif

dmdt = phidot

phidot = phidot / tmpi

vdotov (dmorho + areab * y(1)) / vfree

dlnrho = dmdt / gasmas - vdotov
dvoldt = dmorho + areab * y(l) - dmcov

time derivative of mean pressure

dpmdt = (dmromw * tgas - pmean * dvoldt + dtgas * rmomw) /volg
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500

vis

volprp
effdia
dmdmdt
dmdmor
avelen
avedia .
do 500 = 1, nprop
if(ibo(k) .eq.1l)go to 500
volprp = volprp + (1. - frac(k)) * chwp(k) / rhop (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)
continue
clt = dmdmdt / gasmas - dn imor / vfree + vdotov ** 2 - (dmdt
/ gasmas) ** 2
d2lnr = clt - areab ** 2 * pbase / vfree / prwt
dZlnr = d21lnr + 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 *
dlnrho)
eps = 1. - (1. - phi) * tmpi / prden / vzb
epsdot = phidot * tmpi / prden / wvzb + (1. - phi) * tmpi * up
* areab / prden / vzb / vzb
ug = up + (vp + ullen * dlnrho - up) / eps
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alam = (1.5 * grlen / grdiam) ** .666666667
alam = (0.5 + grlen / grdiam) / alam

alam = alam ** 2,17

kg/s/m

vis = .00007

ren = gasden / vis * effdia * abs{(ug - up)

if(ren.lt.l.)ren = 1.

fsrg = 2.5 * alam / ren ** ,081 * ((1. - eps) / (1. - epsO) *
eps0 / eps) ** .45

fsc = fsrg * £fs0

phi2 = 1. - phi - phistr * (1. - eps) / eps

philp = dphist * ug - phidot * up - phistr * epsdot / eps /
eps * (vp + ullen * dlnrho - up) + phistr * ulldot * dlnrho

/ eps + 2. * phistr * ug / zb * (ug - up)

philp = philp + phi2 * gasden / effdia / prden *
(ug - up) ** 2 * fsc

ak2 =1, / (1. - phi2 * tmpi / prden / vzb)
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phil = philp + phistr * z(1l) / eps + ullen * phistr * d2inr /

1 eps
c
c acceleration of forward boundary of propellant bed
c

z{9) = gasden * (ug - up) ** 2 * fsc / prden / effdia + tmpi
1 * phil * ak2 / vzb / prden

z(10) = y(9)

e = phistr / eps * (1. - ullen * areab / vfree) * areab / prwt

dd = ullen * phistr * clt / eps

akll = tmpi * e * ak2 / zb / vzb

akl2 = tmpi * axZ * (philp + dd) / zb / vzb - akll * resp

pbase = pmean - akl2 * zb * zb / 2. + gasden * ullen * resp *
1 areab / prwt

pbase = pbase + akl2 * zb * zb * (zb / 3. + ullen) / 2. / zp

pbase pbase - gasden * ullen ** 2 * areab * resp / 2. / z2p
1 / prwt

pbase = pbase - gasden * ullen ** 2 / 2. * (1. - 2. * ullen /
1 3. / zp) * (clt - dlnrho ** 2)

pbase = pbase - areab ** 2 * gasden * ullen ** 2 * (1. - 2. *
1 ullen / 3. / zp) * resp / prwt / vfiree / 2.

deno = - akll * zb ** 3 / 6. / zp - ullen * akll * zb * zb /
1 2., / zp

deno = deno + gasden * ullen * areab / prwt - areab ** 2 *
1 gasden * ullen ** 2 * (1. — 2. * ullen / 3. / zp) / 2. /
1 viree / prwt

deno = deno - gasden * ullen ** 2 * areab / 2. / zp / prwt +
1 1. + akll * zb * zb / 2.

pbase = pbase / deno
if(ism.eq.0)gote530
if(ism.eqg.l)goto510

goto520
510 ism = 2
tss = sqrt(egama * rmomw / gasmas * tgas)

write (6, * )tss
tss = ullen / (ullen * odlnr + tss)

tso = y(3)
write(6, * )tss, tso
520 coefbp = (tss + tso - y(3) - deltat) / tss

if (coefbp.gt.l.)coefbp = 1.
if(coefbp.le.0.)then

coefbp = 0.
ism = 0
endif
pbase = coefbp * opbase + (1. - coefbp) * pbase

if (mode.eq.l)write(6, * )coefbp, opbase, pbase, ism
if (mode.eq.2)then
argl = opbase / 6894.757
arg2 = pbase / 6894.757
write (6, * )coefbp, argl, arg2, ism
endif
530 odlnr = dlnrho
opbase = pbase
pbrch = pbase * (1. + akll * zb * zb / 2. + gasden * ullen *
1 areab / prwt - areab ** 2 * gasden * ullen ** 2 / 2. / vfree
1 / prwt)
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pbrch = pbrch + akl2 * zb * zb / 2. - gasden * ullen * areab
1 * resp / prwt

pbrch = pbrch + gasden * ullen ** 2 / 2. * (clt - dlnrho ** 2)

pbrch = pbrch + areab ** 2 * gasden * ullen ** 2 * resp / 2.
1 / vfree / prwt

go to 610

using rga gradient

540 if(iswl.ne.0)go to 550
pbase = pmean
pbrch = pmean
if (pbase.gt.resp + 1l.)iswl = 1

go to 620
550 if(iswl.eq.2)go to 580
vzp = cham + areab * (y(2) + y(7))
vzb = cham + areab * (y(10) + y(7))
jlzb = bint (1) + (bvol * pb + areab / 2. * pb * pb) / areab
j2zb = (bvol + areab * pb) ** 2 / areab / areab
j3zb = bint(3) + areab * bint(l) * pb + bvol * pb * pb / 2. +
1 areab / 6. * pb ** 3
phi = 0
phidot = 0
dmorho = 0
dmcov = 0,
dmromw = 0,
rmomw = 0.
viree = vzp - vl
do 560 k = 1, nprop

rmomw = rmomw + chwp(k) * frac(k) * forcp(k) / tempp(k)
phi = chwp(k) * frac(k) + phi
if(ibo(k) .eq.1l)go to 560
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)
1 + dmcov
dmromw = dmromw + rhop(k) * tng(k) * surf(k) * z(ibrp + k)
1 * forcp(k) / tempp (k)
560 continue
rmomw = rmomw + chwi * forcig / tempi
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.l.)go to 580

endif
dmdt = phidot
phidot = phidot / tmpi

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

get time derivative of mean pressure
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dpmdt = (dmromw * tgas — pmean * dvoldt + dtgas * rmomw) /volg
volprp
effdia
dmdmdt
dmdmor
avelen
avedia
do 570 1, nprop

if (ibo(k) .eq.l)go to 570

volprp = volprp + (1. - frac(k)) * chwp(k) / rhop (k)

dmdmdt = dmdmdt + rhop(k) * tng(k) * dsdx(k) * z(ibrp + k)

1 * z(ibrp + k)
dmdmdt = dmdmdt + rhop(k) * tng(k) * surf (k) * d2xdt2(k)
dmdmor = dmdmor + (dsdx(k) * z(ibrp + k) ** 2 + surf (k) *
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1 d2xdt2 (k)) * tng(k)
effdia = effdia + 6. * volp(k) / surf(k) * (1. - frac(k))
1 * chwp (k)
570 continue
clt = dmdmdt / gasmas - dmdmor / vfree + vdotov ** 2 - (dmdt
1 / gasmas) ** 2

d2lnr = clt - areab ** 2 * pbase / vfree / prwt
d21lnr = d2lnr + 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 * aveab / tmpi * (ulldot + ullen *
1 dlnrho)

eps = 1. - (1. - phi) * tmpi / prden / vzb

epsdot = phidot * tmpi / prden / vzb + (1. — phi) * tmpi * up
1 * areab / prden / vzb / vzb

ug = up + (vp + ullen * dlnrho - 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)

if(ren.lt.l.)ren = 1.

fsrg = 2.5 * alam / ren ** .081 * ((1. - eps) / (1. - eps(O) *
1 eps0 / eps) ** .45
fsc = fsrg * £s0
phi2 = 1, - phi - phistr * (1. - eps) / eps
philp = dphist * ug - phidot * up - phistr * epsdot / eps /
eps * (vp + ullen * dlnrho - up) + phistr * ulldot * dlnrho
1 / eps + 2. * areab * phistr * ug / vzb * (ug - up)

philp = philp + phi2 * gasden / effdia / prden *

—
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582

1 (ug - up) **2 * fsc
ak2 = 1. / (1. -~ phi2 * tmpi / prden / vzb)
phil = philp + phistr * z(l) / eps + ullen * phistr * d2lnr /
1 eps

acceleration of forward boundary of propellant bed

z2(9) = gasden * (ug - up) ** 2 * fsc / prden / effdia + tmpi
1 * phil * ak2 / vzb / prden

z(10) = y(9)
phi3 = phistr * ug * ug + (1. - phi) * up * up
e = 1. - ullen * areab / vfree

dd = ullen * phistr * clt / eps
alt = tmpi * areab / vzb / vzb * (phi3 * areab / vzb - (philp

1 + dd - e * phistr * areab * resp / eps / prwt) * ak2)

a2t = ( - tmpi * e * phistr * areab ** 2 / vzb / vzb / eps /
1 prwt) * ak2

bt = - tmpi * phi3 * areab ** 2 / 2. / vzb / vzb / vzb

pbase = pmean - gasden * ullen ** 2 / 2, * (clt - dlnrho ** 2
1 + areab ** 2 * resp / prwt / vfree) * (1. - 2. * areab *
1 ullen / 3. / vzp)

pbase = pbase - alt * j3zb / vzp - bt * jd4zb / vzp - areab *
1 ullen * alt * jlzb / wvzp
pbase = pbase - areab * bt * ullen * j2zb / vzp - gasden *

1 areab ** 2 * ullen ** 2 * resp / 2. / vzp / prwt + alt *
1 jlzb + bt * j2zb + areab * gasden * ullen * resp / prwt

deno = 1. + areab * ullen * a2t * jlzb / vzp - gasden * areab
1 ** 2 * yllen ** 2 / 2. / vzp / prwt + a2t * j3zb / vzp - a2t
1 * jlzb + gasden * ullen * areab / prwt

deno = deno - gasden * ullen ** 2 * areab ** 2 / 2. / vfree /

1 prwt + gasden * areab ** 3 * ullen ** 3 / 3. / vzp / vfree /
1 prwt

pbase = pbase / deno

pbrch = pbase * (1. - a2t * jlzb + gasden * ullen * areab /
1 prwt — gasden * ullen ** 2 * areab ** 2 / 2. / vfree / prwt)
1 + gasden * ullen ** 2 / 2. * (clt - dlnrho ** 2 + areab ** 2
1 * resp / prwt / vfree) - alt * jlzb - bt * j2zb - areab *
1 gasden * ullen * resp / prwt

go to 610
pbase = rbm * pmean
pbrch = rbrm * pmean
go to 610
areazm=areab
areaza=areazm- pi * btdia**2/4.
write (G, *)areazm, areaza
delta=1.
glzp=(vzp**2- (areab*za) **2) /2. /areaba**2
g2zp=vzp**2/areaba/areaba
g3zp=(zp-za)/areaba .
gdzp=vzp/areaba/areaba
q5zp=1./areaba/areaba
q6bzp=(areab*za**3/3.+(areab*za+areaba*(zp-za))**3/3./areaba
&**2—-(areab*za)**3/3./areaba**2)
q8zp=(zp-za) **2/2.
q9zp=(vzp**3-(areab*za)**3) /6./areaba**2
& —(areab*za)**2*(zp-za)/2./areaba
qlza=za**2/2,
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269
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q2za=vza**2/areab/areab

g7za=areab*za**3/6.

vp=y (1)

bt= —-tmpi * y(l)*y(l)*areab*areab/2./vzp/vzp/vzp
hl= tmpi*areab*areaa*y(1l)*y(l)/(vzp*vzp)
akl=-tmpi*areab*vp*vp*vza*areaa/vzp/vzp/areaza**2
akl=akl+tmpi*areaa**2*vp**2/vzp/areaza**2/2.
akl=akl+tmpi*vp*vp*areab**2*vyza**2/2./vzp**3/areaza**2
ajl=-tmpi*areaa**2*vp*vp/2./vzp

fk= -2.*tmpi*vp**2*areazm*areaa/areaza/vzp*

& (areab*vza/vzp/areazm-1.) **2

fk= fk/(areaza+areazm)

rrl= 1. + tmpi*areab*areaa*qlza/prwt/vzp**2
tal=tmpi*areab**2*y(l)**2/vzp**3
tad4=tmpi*areab**2*resp/prwt/vzp**2

zal= (bt*g2za + (tal+tad)*glza)/rrl

zal= 1./rrl

zaZ2= -(tmpi*areab*areaba*qlza/prwt/vzp**2 ) /rrl

a3 = tmpi*areab**2*y(1)**2/vzp**3 - tmpi*areab*areaa*zal/prwt/
& vzp**2 + tmpi*areab**2*resp/vzp**2/prwt

ad4l= -tmpi*areab*areaa*za2/vzp**2/prwt

a42= -tmpi*areab*areaba/vzp**2/prwt

a4 = adl+a4?

a4 = -tmpi*areab*areaa*za2/vzp**2/prwt - tmpi*areab*areaba/
& vzp**2 /prwt

a5 = - tmpi*areab*areaa*zal/prwt/vzp**2

c3 = tmpi*areaa**2*zal/prwt/vzp ~ tmpi*areaa*areab*

& resp/prwt/vzp - tmpi*areaa*areab*y(1l)*y(l)/vzp/vzp
c4l tmpi*areaa*areaa*za2/vzp/prwt

c42 = tmpi*areaa*areaba/vzp/prwt

cd4l+cd?2

delta*tmpi*areaa*areaa*za2/vzp/prwt + delta*tmpi*areaa*
& areaba/vzp/prwt

[e]
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c5 = tmpi*areaa*areaa*zaQ/vzp/prwt

11 = zal+fk+a3*qlzp+c3*q3zp+bt*q2zp+hl*qdzp+ajl*qSzp+akl
12 = 1-za2-a4*qlzp - c4*q3zp

13 = za0 + a5*qlzp +c5*q3zp

bl = (a3*g7za+a3*q9zp+bt*gbzp+zal* (vzp~vza)+fk* (vzp-vza)

* +c3*g8zp+hl*qlzp+ajl*q3zp+akl* (vzp~-vza))/vzp
b2 = (a4*gq7za+tad*q9zp+zal2* (vzp-vza)+cd*g8zp)/vzp
b3 = (vza+ab5*q7za+aS5*q9zp+zal* (vzp-vza)+c5*qg8zp)/vzp
calculate base pressure
pbase=(pmean/b3 - bl/b3 + 11/13)/( 12/13 + b2/b3)
calculate breech pressure
pbrch=pmean/b3 - bl/b3 - pbase*b2/b3
pza=zal + za2*pbase + zaO*pbrch
write(6,7)y(3),2z(1),y(1),y(2),pmean, pbase,pbrch
write(6,7) bl,b2,b3,11,12,13
write(6,7) a3,a4,a5,c3,c4,ch
z(l)=(areaa*pzatareaba*pbase-areab*resp)/prwt
go to 615
If (za.gt.chdist (nchpts))goto 275
Do 269 I=2,nchpts
If(za.lt.chdist(I).and.za.gt. (chdist(I-1)))goto 274

continue
diam =( za - chdist(I-1)) / ( chdist(I) - chdist(I-1)) *
& (chdiam(I) - chdiam(I-1)) + chdiam(I-1)

areazm = pi * diam**2/4.

79




0

a0

(¢}

D00

275

590

areaza = areazm - pi * btdia**2/4.

continue

vp=y (1)

bt= —-tmpi * y(1l)*y(1l)*areab*areab/2./vzp/vzp/vzp

hl= tmpi*areab*areaa*y(l)*y(1l)/(vzp*vzp)
akl=-tmpi*areab*vp*vp*vza*areaa/vzp/vzp/areaza**2
akl=akl+tmpi*areaa**2*vp**2/vzp/areaza**2/2.
akl=akl+tmpi*vp*vp*areab**2*vza**2/2, /vzp**3/areaza**2
ajl=-tmpi*areaa**2*vp*vp/2./vzp

fk= -2.*tmpi*vp**2*areazm*areaa/areaza/vzp*
& (areab*vza/vzp/areazm-1.)**2

fk= fk/ (areaza+areazm)

rrl= 1. + tmpi*areab*areaa*qlza/prwt/vzp**2
tal=tmpi*areab**2*y(1l)**2/vzp**3
tad=tmpi*areab**2*resp/prwt/vzp**2

zal= (bt*qg2za + (tal+tad)*qlza)/rrl

zal0= 1./rrl

za2= —(tmpi*areab*areaba*qlza/prwt/vzp**2 )/rrl

a3 = tmpi*areab**2*y(1)**2/vzp**3 - tmpi*areab*areaa*zal/prwt/
& vzp**2 + tmpi*areab**2*resp/vzp**2/prwt

a4l= -tmpi*areab*areaa*za2/vzp**2/prwt

a42= -tmpi*areab*areaba/vzp**2/prwt

a4 ad4l+a4?

a4 = -tmpi*areab*areaa*za2/vzp**2/prwt - tmpi*areab*areaba/
& vzp**2/prwt

ab - tmpi*areab*areaa*zal/prwt/vzp**2

c3 tmpi*areaa**2*zal/prwt/vzp - tmpi*areaa*areab*
& resp/prwt/vzp - tmpi*areaa*areab*y(l)*y(1l)/vzp/vzp
c4l = tmpi*areaa*areaa*za2/vzp/prwt

c42 = tmpi*areaa*areaba/vzp/prwt

c4 c41+c42

c4 delta*tmpi*areaa*areaa*za2/vzp/prwt + delta*tmpi*areaa*
& areaba/vzp/prwt

c5 = tmpi*areaa*areaa*za0/vzp/prwt

11 = zal+fk+a3*qlzp+c3*q3zp+bt*q2zp+hl*gd4zp+ajl*qSzp+akl
12 = 1-za2-a4*qlzp - c4*g3zp

13 = za0 + a5*qlzp +c5*q3zp

bl = (a3*q7zat+a3*q9zp+bt*qbzp+zal*(vzp-vza)+fk* (vzp-vza)

* +c3*q8zp+hl*qglzp+ajl*q3zp+akl* (vzp-vza))/vzp

b2 = (ad4*g7zatad*q9zp+zal* (vzp-vza)+cd4*q8zp)/vzp
b3 = (vza+a5*gq7za+aS5*q9zp+zal* (vzp~-vza)+c5*q8zp)/vzp
calculate base pressure

pbase=(pmean/b3 - bl/b3 + 11/13)/( 12/13 + b2/b3)
calculate breech pressure

pbrch=pmean/b3 - bl/b3 ~ pbase*b2/b3

pza=zal + zal2*pbase + za0*pbrch
write(6,7)y(3),2(1),y(1),y(2),pmean,pbase,pbrch
write(6,7) bl,b2,b3,11,12,13

write(6,7) a3,a4,a5,c3,c4,c5
z(l)=(areaa*pza+areaba*pbase-areab*resp)/prwt

go to 615

use lagrange pressure gradient equation

if(iswl.ne.0)go to 600
if (pmean.lt.resp)resp = pmean

calculate base pressure
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600 tmp2 = 1.0 + tmpi. / 2.0 / prwt
tmr2 = 1.0 + tmpi / 2.0 / rcwt
tmr3 = 1.0 + tmpi / 3.0 / rcwt
tmr4 = rfor / areab + resp - pgas * air

pbase = pmean / tmr3

1 - tmpi / 2.0 / tmr2 * ( tmrd4 / rcwt - resp / prwt)
2 + tmpi / 3.0 / tmr3 * ( tmr4 / rcwt - resp / prwt / 2.0)
pbase = pbase / ( tmp2 / tmr2 - tmpi / tmr3 / prwt / 6.0)
if (pbase.gt.resp + 1l.)iswl =1
calculate breech pessure
pbrch = pbase * tmp2 / tmr2 + tmpi / 2.0 / tmr2 *
1 (tmrd4 / rcwt - resp / prwt)
calculate projectile acceleration
610 z(l) = areab * (pbase - resp) / prwt
615 if(z(1).1t.0.0)go to 620
go to 630
620 if(iswl.eq.0)z(1l) = 0.0
630 if(y(1).1t.0.0)y(1) = 0.0
z(2) = y(1)
get burning rate
640 do 670 m = 1, nprop
z(ibrp + m) = 0.0
d2xdt2{(m) = 0.0
if (ibo(m) .eq.1) goto 670
do 650 k = 1, nbr (m)
if {pmean.gt.pres(m, k))go to 650
go to 660
650 continue
k = nbr (m)
660 pmix = pmean
if (igrad.eq.3)pmix = pbrch - (akll * pbase + akl2) / 6. *
1 zb * zb
if(igrad.eq.4)pmix = pbrch + (alt + a2t * pbase) * j3zb /
1 vzb + bt * j4zb / vzb
if(pmix.1lt..99 * pmean)pmix = pmean
z{ibrp + m) = beta(m, k) * (pmix * 1l.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.e - 6) **
1 (alpha(m, k) - 1.) * dpmdt * 1.e - 6
670 continue
do 680 i = 1, nde
d(i) = (z(i) - b(3) * p(i)) * a(j)
y(i) = deltat * d(i) + y(i)
p(i) = 3. * d(i) - ak(3j) * z(i) + p(i)
680 continue
690 continue
nzp=nzp+l

if(igrad.ne.6)goto 2003
if (nzp.ne.nzpi)goto 2003
dzp=zp/50.
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open(unit=11,file='dist.dat’)
open{unit=12,file='press.dat’)
do 20601 i=1,50
ddzp=i*dzp
call jint (btd,btl,zp,ddzp,nchpts,chdist,chdiam,bint,bvol)
if(ddzp.lt.za)then
pz=pbrch-tmpi*areab*z (1) *bint (1) /vzp/vzp
& +tal*bint (1)+bt*bint (2)
pzl=pbrch+(a3+aS5*pbrch+ad4*pbase) *bint (1) +bt *bint (2)
else
pz=pza +fk-tmpi*areab*z (1) *bint (10)/vzp**2
&+tmpi*areaa*z (1) *bint (5)/vzp+bt*bint (2) +akl
& +hl*bint (6)-bt*2.*bint (10)-hl*bint (5)+ajl*bint (7)
pzl=zaO*pbrch+zal+za2*pbase+fk+a3*bint (10)
&+ad*pbase*bint (10) +a5*pbrch*bint (10)
&+c3*bint (5) +c4*pbase*bint (5) +¢S5*pbrch*bint (5)
&+bt*bint (2) +hl*bint (6)+ajl*bint (7)+akl
endif
write(6,*)’za ’',za,’ ddzp ’,ddzp,’ pza ‘,pza
write(6,*)’ pz ’,pz,’ pzl ’,pzl
write(l1l, *)ddzp
write(l2,*)pz/l.e6
2001 continue
2003 if(prwtO.ne.prwt)then
if (mode.eq.l)write (6, 1450)prwt
if (mode.eq.2)then
argl = prwt / 0.45359237
write(6, 1450)argl
endif
prwtl = prwt
lines = lines + 1
endif
t = t + deltat
told = y(3)
if(ihl.eq.l1 .and. pmean.gt.burstp)then
write(6, 1440)

ihl = 2
lines = lines + 1
endif

if (pmaxm.gt.pmean)go to 700
pmaxm = pmean
tpmaxm = y(3)

700 if (pmaxba.gt.pbase)go to 710
pmaxba = pbase
tpmxba = y(3)

710 if (pmaxbr.gt.pbrch)go to 720
pmaxbr = pbrch
tpmxbr = y(3)

720 continue
if(y(3).1lt.ptime)go to 730
ptime = ptime + deltap
pit = y(2) + y(7)
arg0 = y(3) * 1000.
if (mode.eq.1l)write(6, 1270)arg0, z(1), y(l), pjt, pmean, pbase,
1 pbrch
if (nzp.ne.nzpi)goto 2004
write(6,*)’dpza ’',dpza,’ pza ‘,pza,’ d1 ’,d1,’ g1 ’,ql

c write(6, *)areaa*pza,areaba*pbase, areaa*pzat+areaba*pbase
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write(6,*)’areaa ‘,areaa,’ areab ’,areab,’ areaba ’,areaba

write(6,*)’ vza ‘,vza,’ vzp ’',vzp

write(6,*)’qlza-ql0za’

write(6,*)qlza,qg2za,q3za,qgdza

write(6,*)g5za,g6za,q7za,q8za

write(6,*)g9za,ql0za

write(6,*)’ qlzp-q9zp’

write(6,*)qlzp,q2zp,q3zp,q4zp

write(6,*)q5zp,q6zp,q7zp,q82p

write(6,*)q9zp

write(6,*)

write(6,*)’zao,zal, za2,resp ‘,zal,zal,za2,resp

write(6,*)’bl,b2,b3,11 ’/,bl,b2,b3,11

write(6,%*)’12,13,a3,a4 ’',12,13,a3,a4

write(6,*)’ a5,c3,c4,c5 ’,a5,c3,c4,c5

write(6,*)"bt,hl,akl,ajl,fk ’,bt,hl,akl,ajl, fk
2004 if(mode.eq.2)then

argl = y(1) / 0.0254

arg?2 = pjt / 0.0254

arg3 = pmean / 6894.757

arg4 = pbase / 6894.757

arg5 = pbrch / 68%4.757

argé = z(1) / 0.0254

write(6, 1270)arg0, arg6, argl, arg2, arg3, arg4, argb
endif

lines = lines + 1
if (igrad.gt.2)then
pit = y(2) + y(7)
prt = y(10) + y(7)
if (mode.eq.l)write(6, 1280})prt, pjt
if (mode.eq.2)then
argl = prt / 3.28083
arg2 = pjt / 3.28083
write(6, 1280)argl, arg2
endif
lines = lines + 1
endif
730 continue
if(lines.gt.linmax)then
write(6, 1236) title,vsn
write(6, 1230)
if (mode.eq.l)write(6, 1232)
if (mode.eq.2)write(6, 1234)
lines = 4
endif
if(t.gt.tstop)goto 740
if(y(2) + y(7).gt.travp)go to 740

rmvelo = y (1)
tmvelo = y(3)
rcvelo = y(6)

disto = y(2) + y(7)
go to 250

740 if(lines.gt.linmax-nprop-25) write(6, 1236) title,vsn
write(6, 1290)t, y(3)
if (mode.eq.1l) write(6, 1300)..maxm, tpmaxm, pmaxba, tpmxba, omaxbr,
1 tpmxbr
if (mode.eq.2)then
pmaxm = pmaxm / 6894.757
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750

760

770

780

pmaxba = pmaxba / 6894.757

pmaxbr = pmaxbr / 6894.757

write(6, 1310)pmaxm, tpmaxm, pmaxba, tpmxba, pmaxbr, tpmxbr
endif
if(y(2) + y(7).le.travp)goto 750

dfract = (travp - disto) / (y(2) + y(7) - disto)
rmvel = (y(l) - rmvelo) * dfract + rmvelo
tmvel = (y(3) - tmvelo) * dfract + tmvelo
rcvel = (y(6) - rcvelo) * dfract + rcvelo

if (mode.eq.l)write(6, 1320)rmvel, tmvel, rcvel
if (mode.eq.2)then
rmvel = rmvel * 3,28083
rcvel = rcvel * 3,28083
write (6, 1330)rmvel, tmvel, rcvel
endif
go to 760
if (mode.eq.l)write(6, 1340)y(1l), y(3)
if (mode.eq.2)then
argl = y(1) * 3.28083
write(6, 1350)argl, y(3)
endif
efi = chwi * forcig / (gamai - 1.)
efp = 0.0
do 770 i = 1, nprop
efp = efp + chwp(i) * forcp(i) / (gamap(i) - 1.0)
continue
tenerg = efi + efp
if(mode.eq.l)write(6, 1360)tenerg
if (mode.eq.2)tenerg = tenerg / 0.1129848
if (mode.eq.2)write(6, 1370)tenerg
tengas = chwi * forcig * tgas / (gamai - 1.) / tempi
do 780 i = 1, nprop
tengas = (frac(i) * chwp(i) * forcp(i) * tgas / tempp(i) /
1 (gamap(i) - 1.)) + tengas
continue
write(6, 1380) (i, frac(i), tbo(i), i = 1, nprop)
if (mode.eq.l)write(6, 1390)
if (mode.eq.2)then
tengas = tengas / 0.1129848
elpt = elpt / 0.1129848
elpr = elpr / 0.1129848
elgpm = elgpm / 0.1129848
elbr = elbr / 0.1129848
elrc = elrc / 0.1129848
elht = elht / 0.1129848
:lar elar / 0.1129848
write (6, 1400)
endif
pctenl = tengas / tenerg * 100.0

pcten2 = elpt / tenerg * 100.0
pcten3 = elpr / tenerg * 100.0
pctend = elgpm / tenerg * 100.0
pcten5 = elbr / tenerg * 100.0
pctené = elrc / tenerg * 100.0
pcten7 = elht / tenerg * 100.0
pcten8 = elar / tenerg * 100.0

write (6, 1410)tengas, pctenl, elpt, pcten2, elpr, pcten3,
1 elgpm, pctend4, elbr, pcten5, elrc, pctené, elht, pcten7,
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2 elar, pcten8
stop
790 write( *, 1420)
stop
800 write( *, 1430)
810 continue
820 continue
stop
830 format (’ input name of data file to be used as input ’)
840 format (al0)
850 format (’ input name of output file ')
860 format (/’ the input file is ‘,al0/)

870 format (’ input data units - "metric" or "english"’)
880 format (’ must use quoted "m" or "e" as first character of’,
1 * input file’/’ to specify metric or english input units’)

885 format (15a4)

890 format (1x,’using lagrange pressure gradient’)

900 format (1x,’using chambrage pressure gradient‘)

910 format (1x,’using rga gradient’)

920 format (///,' chamber distance m chamber diameter m’,/

1 (5x,e14.6,5x,e14.6))
925 format (///,° chamber distance in chamber diameter in‘,/
1 (5x,eld4.6,6x,el4.6))

930 format (1x,‘use first 5 points‘)
940 format (1x,’ # points 2?2 ')
950 format (1x,‘using 2 phase gradient equation’)
960 format (/' chamber volume m**3 ’,el6.6/
’ groove diam m ‘,el6.6/’ land diam m ",el6.6/
* groove/land ratio f,e16.6/' twist turns/caliber ’,el6.6/
’ projectile travel m’,el6.6//' gradient # ',i3,//
* variable mass switch’, i3/’ container switch’,i7/
* friction factor ‘,el8.6/)
970 format (/’ chamber volume in**3 ’,el6.6/
* groove diam in r,el6.6/’ 1land diam 1in r,el6.6/
’ groove/land ratio r,el6.6/' twist turns/caliber ’,el6.6/
 projectile travel in’,el6.6//’ gradient # ',i3,//
’ variable mass switch’,i3/’ container switch’,i7/
* friction factor ‘,el8.6/)
980 format (1x, number of variable projectile mass points ’,i2,/
1 1x,’ travel (m) projectile mass (kg)‘’/
1l (1x,el4.6,el4.6))
985 format (1x,’number of variable projectile mass points ‘,iZ2,/
1 1x,’ travel (in) projectile mass (lb)‘/
1l (1x,el4.6,el4.6))
990 format (1x,’canister burst pressure (mpa)’,el4d.6/

= e

P b e e

1 1x,’canister volume (m"3) r,eld4.6/
1 1x,’canister diameter (m) r,eld.6)
1000 format (1x,’canister burst pressure (psi)’,eld.6/
1 1x,’canister volume (in”3) r,eld .6/
1 1x,’canister diameter (in) r,eld4.6)

1010 format (/' projectile mass kg’,34x,el4d.6/
1 7 switch to calculate energy lost to air resistance ‘,i3/
1 + fraction of work against bore used to heat the tube’,eld.6/
1 ’ gas pressure mpa r,eld.6)
1020 format (/' projectile mass 1lb’,34x,eld.6/
1 * switch to calculate energy lost to air resistance ‘,i3/
1 7 fraction of work against bore used to heat the tube’,eld.6/
1 gas pressure psi r,el4.6)
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1030 format (/' number barrel resistance points

1 * bore resistance mpa - travel m ’‘/(3x,e14.6,8x,el14.6))

1040 format (/' number barrel resistance points

1 * bore resistance psi - travel inches ‘/(3x,el4.6,e22.6))

1050 format (1lx)
1060 format (/

1 ' mass of recoiling parts kg ‘,eld.6/

1 ’ number of recoil point pairs f,13/

1 * recoil force J’,’ recoil time sec’/, (1x,e14.6,3x,e14.6))
1070 format (/

1 ’* mass of recoiling parts 1lb ‘,el4.6/

1 ‘ number of recoil point pairs ,13/

1 " recoil force in-1b’,’ recoil time sec’/

1 (1x,el4.6,3%x,e14.6))

1080 format (/

e el

. %" w =

free convective heat transfer coefficient w/m*2 k
chamber wall thickness m

heat capacity of steel of chamber wall j/kg k
initial temperature of chamber wall k

heat loss coefficient

density of chamber wall steel kg/m"3

1090 format (/

el e

L N LY

free convective heat transfer coef in-lb/in*2-s-k
chamber wall thickness (inches)

heat capacity of steel of chamber wall in-1b/lb-k
initial temperature of chamber wall k

heat loss coefficient

density of chamber wall steel 1b/in*3

1100 format (

T Sy

LY S T Y

impetus of igniter propellant j/kg

adiabatic flame temperature of igniter propellant
covolume of igniter m”*3/kg

ratio of specific heats for igniter

initial mass of igniter kg

1110 format (

e

LR S

impetus of igniter propellant ft-1b/1lb

adiabatic flame temperature of igniter propellant
covolume of igniter ft~3/1b

ratio of specific heats for igniter

initial mass of igniter 1b

1120 format (/' there are ’,i2,’' propellants’//)
1130 format ((* for propellant number’,i2//

N e

L R S N T T R T

impetus of propellant j/kg ’
adiabatic temperature of propellant k ‘
covolume of propellant m*3/kg ’
ratio of specific heats for propellant '
initial mass of propellant kg !
density of propellant kg/m"3 ',el4.6/
number of perforations of propellant !
length of propellant grain m ’
perforation diameter m !
outside diameter of propellant grain m “

1140 format ((’ for propellant number’,i2//

s

’

. % A~

impetus of propellant ft-1b/1lb ‘
adiabatic temperature of propellant k ’
covolume of propellant in~3/1lb ‘,el14.6/
ratio of specific heats for propellant '
initial mass of propellant 1lb !
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1 * density of propellant 1lb/in"3 f,el4.6/

1 * number of perforations of propellant ', 13/

1 * length of propellant grain in r,eld.6/

1 ¢ perforation diameter in r,eld4a.6/

1 ’ outside diameter of propellant grain in’,el4.6/)/)

1150 format (/' for propellant ’,i2,’ the total number of . ains’
1 ,’ is ',eld.6)
1160 format (’ number of burning rate points’,i2/

1 ‘ exponent coefficient pressure’/
1 ! - m/sec-mpa“ai mpa’ )
1170 format (’ number ot burning rate points‘,i2/
1 ! exponent coefficient pressure’/
1 ' - in/sec—-psi“ai psi’)
1180 format (1x,el4.6,5x,el14.6,4x%x,el4.6)
1190 format (‘ time increment msec r,el4d. .06/
1 ’ print increment msecC r,eld.6/
1 ‘ time to stop calculation msec’,eld.6)
1200 format (1x,’end input data -- i.b. calculation start’)

1210 format (/' area bore m"2 ‘,e27.6/' pressure from 1an pa‘,e2l.6/
1 ,’ volume of unburnt prop m"3 ’,el4.6/
1 Y init cham vol-cov ign m”"3 ’,el5.6)

1220 format (/’ area bore in”2 ‘,e29.6/’ pressure from ign psi’,e23.6/
1 ,’ volume of unburnt prop in”3 ’,el6.6/

1 / init cham vol-cov ign in”*3 ’,el7.6)

1230 format (/' time accel velocity distance pr mean’,
1 ! pr base pr brch’)

1232 format { (ms) (m/s/s) (m/s) (m) (Paj) ',
1 ! (Pa) (Pa)")

1234 format ( ‘ (ms) {in/s/s) (in/s) {in) (psi) ',
1 ! (psi} {(psi)’)

1236 format (1lhl,3x,15a4,’ rga.’,ad)

1240 format (' propellant’,i2,’ has slivered’)

1250 format ('’ propellant’,i2,’ has burned out’)

1270 format (1lx,1p7ell.4)

1280 format (1x,’'prop travel’,ell.4,'proj travel’,ell.q)

1290 format (/1x,’ deltat t’, el4.6, ' intg t‘,eld.6)

1300 format (/‘ pmaxmean pa ’,1peld.7,’ time at pmaxmean sec ‘,
1 Opel6.6/' pmaxbase pa r,1lpeld.7,’ time at pmaxbase sec ‘,
1 Opel6.6/’ pmaxbreech pa ‘,1lpeld4d.7,’ time at pmaxbreech sec ‘,
1 Opeld.6)

1310 format (/’ pmaxmean psi’,t14.3," time et pmaxmean sec ',
1 Opel6.6/’ pmaxbase psi’,f14.3,° time at pmaxbase sec ',
1 Opel6.6/' pmaxbreech psi’,f£14.3,’ time at pmaxbreech sec ‘,
1 Opeld.6)

1320 format (/1x,’muzzle velocity m/s ’',eld.6,’ time of muzzle exit ’/,
1 eld.6,’ sec’//1x,’recoil velocity m/s ‘,eld.6)

1330 format (/1x,’muzzle velocity ft/s *,eld4.6,’ time of muzzle exit ',
1 el4.6,’ sec’//1x,’recoil velocity ft/s ',el4.6)

1340 format (/ ' velocity of projectile m/s ’,eld.6,’ at time ’,eld.6,

1 ! sec’)
1350 format (/ ’ velocity of projectile ft/s ’,eld.6,’ at time ’,el4d.6,
1 ' sec’)

1360 format (/1x,’total initial energy available j = ’,el4.6/)
1370 format (/1x,’total initial energy available in-lb = ’,elqd.6/)
1380 format (' propellant mass fraction burnt time f(sec)’/

1 (4%x,12,9x,e14.6,5%,el14.€))
1390 format (/' ** enerqgy summary **’,23x,’joules’,l1x,’°®")
1400 format (/* ** energy summary **’,23x,’ in-1b’,11x,’%")
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1410 format (1x,’total energy remaining in gas‘,1llx,’' = ’',el4.6,£11.4
1 /1%, ’energy loss from projec.ile translation = ’,elq4.6,f11.4
1 /1x,’energy loss frcm projectile rotation = !, eld.6,£f11.4
1 /1x,’energy lost to gas and propellant motion = ’,eld4.6,f11.4
i /1x,’energy lost to bore resistance = ’,e14.6,f11.4
1 /1x,'energy lost to recoil = ’,el4.6,£f11.4
1 /1:.,'energy loss from heat transfer = ’,eld4.6,f11.4
1 /1x,’energy lost to air resistarce = ’,e14.6,£11.4)

1420 format (1x,’end of file encounterr’)

1430 format (1x,’read or write error’)

1440 format (' canister burst pressure achieved’)

1450 forrat (' projectile mass transition point - new mass = ’,
1 lpell.4)
end

10

1
1

subroutine prf710(pd, gd, 31, np, %X, frac, vol, surf, dsdx)

common nsl, kpr, fracsl(190), dJdsdxsl(10), surfsl(10), nslp!(10),
tsl(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

Ww = 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=l)

if(np.eq.0) go to 70
if{np.eq.l)go to 90
if(np.eq.2)go to 210
if(np.eq.7)go to 10
if(np.eq.19)go to 110
if(np.eq.15)go to 180
write(6, 220)

stop
w= (gd - 3. * pd) / 4.
d =w+ pd

sqr3 = sqgrt(3.)

xl =d / sqr3 - pd / 2.

x2 = (14. - 3, * sqr3) *d / 13. - pd / 2.
vl =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 +

1 2. * x) ** 2)

surf = 2. * vol / (gl - 2. * x) + pi * (g1 - 2. * x) * ((gd - 2.
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1 * x) + 7. * (pd + 2. * x))

frac = 1. - vol / vO

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

dsdxsl (kpr) = dsdx

fracsl(kpr) = frac

surfsl (kpx) surf

return
20 nsi1 =1

coef (kpr) = 0.

if(igrad.eq.l.or.igrad.eq.2)go to 40

if (nslp(kpr) .eq.l)goto 30

tsl(kpr) = yar(3)

ts(kpr) =w / 2. * ( - 1. + (pbrch / pmean) ** abr(kpr)) /

1 (bbr(kpr) * (pbase * 1l.e - 6) ** abr (kpr))
30 continue

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

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

if (coef (kpr).1lt.0.)coef (kpr) = 0.
40 if(x.ge.x2)goto 60

sl 0

s2

vl

v2

dsldx = 0.

ds2dx = 0.

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

theta = atan(y / d)

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

if(x.ge.xl)goto S0

0.
0.
0.

vli=23./4. % (gl - 2. * x)

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

sl =2. *vl / (gl - 2. * x)

sl =s1 + 3., * (gl -2. *x) * (pi - 6. * theta) * (pd + 2. * x)
50 yl = sqgrt((gd - 2. * x) ** 2 - (5, *d - 2. * (pd + 2. * x)) ** 2)

chi = atan(yl / (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
1 ~gd+ 2. *x))) /8.

vZ = pi * (gd - 2. * x}) ** 2 - 6, * sqr3 * d *d - 4. * pi * (pd
1 + 2, * x) ** 2

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

s2 = 2. *v2 / (gl - 2. * x)

82 = s2 + (gl - 2. * x} * ((pi - 6. * chi) * (gd - 2. * x) + 2. *

1 (2. * pi - 3. * phi - 3. * theta ) * (pd + 2. * %))
vol = vl + v2

surf = sl + s2

frac = 1. - vol / v0

dsdx = -~ surf / (%2 - 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
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60

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) return

dsdx = 0.

dsdx = dsdxsl (kpr) * coef (kpr)
dsdxsl (kpr) = dsdx

if (abs(dsdx).1t.1l.)dsdx = 0.
surf = surfsl (kpr}) * coef (kpr)
surfsl(kpr) = surf

return

zero perf calculations start here.

70

80

30

if(gd - 2. * x.1e.0.0) go to 80
vl = pi * gd * gd / 4. * gl

vol = pi * (gd - 2. * x) ** 2 / 4, * (gl - 2. * x)
frac = 1. - vol / v0

surf = pi / 2. * (gd - 2. * x) ** 2 + pi * (gd - 2.
1 2. * x)

dsdx = - 2. * pi * (gd + gl - 6. * x)

one perf calculation starts here

if(gd - pd - 4. * x.1e.0.0) goto 80
v0 =pi / 4. * (gd * gd - pd * pd) * gl

vol = pi / 4. * ((gd - 2. * x) ** 2 - (pd + 2. * x) ** 2)

* x) * (gl -

* (gl -

1 2. * x)

frac = 1. - vol / v0

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)

return

programmer: fred robbins

input

p = perf diameter
d = grain diameter
gl = grain length
X distance burnt

below is the calculation for the cylindrical 19 perf grain.
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output

110

120

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

p = pd

d = gd

w=(d- 5. *p) /6.
pi = 3.141592654
sqrt3 = sqrt(3.)
sqrtd = sqrt(5.)
sqrt6 = sqrt(6.)
sqrtl0 = sqrt(10.)

initial volume and surface area

v0 =pi / 4. *gl * (d *d-19. * p * p)
sO0 =2, *v0 / gl +pi * gl * (d+ 19. * p)
x1 = distance to inner sliverr burnout

X2 = distance to outer sliver burnout

dbc = distance between perforation centers
assumes burnout does not occur in longitudinal direction
wl = secondary web

dbc = w + p

wli=0.5* (d-p - 2. * sqrt3 * dbc)

x1 = dbc / sgrt3 - p / 2.

x2 = 0.25 * (dbc * (6. - sqrtl0) - 2. * p)

if(x.gt.w / 2.)go to 120
not slivered yet

vol = pi / 4. * (gl - 2. * x) * ((d - 2. * x) ** 2 - 19,
1 * x) **2)

* (p + 2.

surf = 2, * vol / (gl - 2. * x}) + pi * (gl - 2. * x) * (d - 2. *

1 x+19. * (p + 2. * x))

dsdx = pi * { — 4 *d + 36 * gl - 76 * p ~ 216 * Xx)
frac = 1. - vol / v0

dsdxsl (kpr) = dsdx

fracsl(kpr) = frac

surfsl (kpr) =
return

vl=total volume of inner sliver, v2=total volume of outer sliver

sl=total surface area of inner slivers, s2=total surface
outer slivers

vl
v2
sl
s2
delta =
chi = 0.

LI I
OoCoOo

0.
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nsl =1
coef (kpr) = 0.
if (igrad.eq.l.or.igrad.eq.2)go to 140
if (nslp(kpr).eq.l)goto 130
tsl(kpr) = yar(3)
ts(kpr) =w / 2. * ( - 1. + (pbrch / pmean) ** abr(kpr)) /
1 (bbr(kpr) * (pbase * 1l.e - 6) ** abr (kpr))
130 continue
coef (kpr) = (ts(kpr) + tsl(kpr) - (deltat + yar(3))) / ts(kpr)
if (coef (kpr).gt.l.)coef (kpr) 1
if (coef (kpr).1lt.0.)coef (kpr)
140 a3 = 0.
if (x.ge.x2)go to 170
theta = acos{(dbc / (p + 2. * x))
al = theta / 4. * (p + 2. * x) ** 2 —dbc / 4. * sqrt((p + 2. * x)
1 ** 2 - dbc * dbc)

if(x.gt.x1l)go to 150

vl =3. % (gl - 2, * x) * (2. * sqrt3 * dbc * dbc - i * (p + 2.
1 * x) *>x 2 + 24 * al)

sl = 2. *vl / (gl - 2. * x) + 12. * (gl -~ 2. * x) * (pi - 6. *
1 theta) * (p + 2. * x)

150 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.wl / 2.)go to 160
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

1+ 2. * sqrté * dbc * sqrt(6. * dbc * (p + 2. * x — dbc) - (p + 2.
1 * x) ** 2))

160 a2 = ,125 * (phi * (p + 2. * x) ** 2 - xi * (d - 2. * x) ** 2
1 * sqrtS * dbc * sgrt((5. * dbc - p - 2. * %) * (5. * dbc - d
1 *x)))

v2 = 25 * (gl - 2. * x) * (pi * (d - 2. * x) ** 2 — 7, * pi *

1 (p+2. * x) ** 2 - 24, * gsgrt3 * dbc * dbc + 48. * (al + a2 + a3))
s2 =2, *v2 / (gl - 2. *x) + (gl - 2. *x) * ((d~-2. *x) * (pi
1 -6. * (xi + delta)) + (p+ 2. * x) * (7. * pi - 6. * (2. * theta
1 + chi + phi)))

vol = vl + v2

0.

+ 2.
+ 2.

surf = sl + 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

170 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)return
dsdx = 0.
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dsdx = dsdxsl (kpr) * coef (kpr)
dsdxsl (kpr) = dsdx

if (abs(dsdx) .lt.1.)dsdx = 0.
surf = surfsl (kpr) * coef (kpr)
surfsl(kpr) = surf

return

below is the calculation for the 19 perf hex grain.
programmer:karen a. cieslewicz<std.cont.>

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 burnt at x.

assignment statement for pi.
180 pi = 3.141592654

sgrt3 = sqgrt(3.)

p = pd

d = gd

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.

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

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

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

to calculate the distance burnt.
x1 dpc / sqrt3 - p / 2.
x2 0.125 * (5. * dpc - 4. * p)

to calculate the area.
a = sqrt3/3. * ((Ww+p / 2.) ** 2) —pi / 6. * ((w+p / 2.) **2)

to calculate the initial volume of the sharp corner grain.
vs = gl / 4. * (2. * sqrt3 * £ ** 2 - 19, * pi * p ** 2)

to calculate the volume that will be removed from the grain.
vr = 6. * a * gl

to calculate the initial volume for the 1%hex grain with rounded
corners.,
VO = vs - vr
to calculate the initial surface area of the sharp éorner grain.
ss = 2. *vs / gl + gl * (2. * sqrt3 * £ + 19. * pi * p)
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to calculate the surface area that will be removed from the grain.
sr = 12. *a + gl * (w+p/ 2.) * (4. * sqrt3 - 2. * pi)

to calculate the initial surface area for the 19hex grian with rounded
corners.
SO = SS - Sr

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 /
1 6. * (w-2, * x+ (p+ 2. *x) / 2,) ** 2
to calculate the volume that will be removed from the sharp corner gra
vr = 6. *a * (gl - 2, * x)
to calculate the volume for the sharp corner grain at some distance bu
vn = .25 * (gl - 2. * x) * (2. * sqrt3 * (f - 2. * x) ** 2, -
1 19. * pi * (p + 2. * x) ** 2.)

to calculate the volume for the 19%hex grain with rounded corners.
v =vn - vr

to calculate the surface area that will be removed from the sharp
corner grain.
sr =12, *a + (gl - 2. * xX) * (Ww~-2 *x+ (p+ 2. *x)/ 2.)
1 * (4. * sqrt3 - 2. * pi)
to calculate the surface area for the sharp corner grain.
sn = 2. *v / (gl -2, *x) + (gl -2, * x}) * (2. * sqrt3 * (f
1 - 2. *x) + 19, * pi * (p + 2. * x))

to calculate the surface area for 1%hex grain with rounded corners.
S = sn - sg

to calculate the mass fraction.
frac = 1 - v / vo
dsdx = - 8. * sqrt3 * (f - 2. * x) - 76. * pi * (p + 2. * x)

1 + (gl - 2, * x) * (- 4. * sqrt3 + 38. * pi) + 16 * sqgrt3 *
1 (w+p/ 2. -x) -8, *pi* (w+p/ 2, -x) + (gl - 2. * x)
1 * (4, * sqrt3 - 2. * pi)

surf = s

vol = v

dsdxsl (kpr) = dsdx

fracsl(kpr) = frac

surfsl(kpr) = surf

return
endif

due to the cross section at the sliver point x=.5*w there will be 24
identical inner slivers,12 identical side slivers. after slivering th
surface area and the volume function become more complex. each type

sliver will be treated separately and later the volumes will be combin
to complete the function.

to calculate the 12 identical side slivers for the grain x=.5/w.
nsl = 1
coef (kpr) = 0.
if(igrad.eq.l.or.igrad.eq.2)go to 200
if (nslp(kpr).eq.l)goto 190




tsl (kpr) = yar(3)
ts(kpr) = w / 2. * ( - 1. + (pbrch / pmean) ** abr(kpr)) /
1 (bbr(kpr) * (pbase * l.e - 6) ** abr(kpr))

190 continue

coef (kpr) = (ts(kpr) + tsl(kpr) - (deltat + yar(3))) / ts(kpr)
if (coef (kpr).gt.1l.)coef (kpr) =

1.
if (coef (kpr).1lt.0.)coef (kpr) 0.

200 if(w / 2.1lt.x.and.x.lt.xl.and.x.1lt.x2) then

to calculate the areas of the grain.

to

to

to

to

to

to

a=sqrt3 / 3. * (w-2. *x + (p+ 2. *x) / 2.) ** 2 -pi/
1 6. * (w—- 2. * x + (p+ 2. *x x) [/ 2.) ** 2

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

al = theta / 4. * (p + 2. * x) ** 2 —dpc / 4. * sqrt((p + 2.

1 * X) ** 2 - dpc ** 2)

omega = acos(2. * dpc / (p + 2. * x) - 1.)

a2 = 0.125 * (p+ 2. * x) * ((p + 2. * x) * (omega + sin(omega
1 )) - 2. * dpc * sin(omega))

calculate the volumes of the grain.

vl =3, * (gl - 2. * x}) * (2. * sqrt3 * dpc ** 2 - pi * (p +
1 2, * x) ** 2 4+ 24, * al)

v2 = 6. * (gl -2, * x}) * (2, * dpc ** 2 -~ dpc * (p + 2. * x)
1 - pi /4. * (p+ 2. * x) ** 2 + 2, * al + 4, * a2)
calculate the surface areas of the grain.

sl =2. *vl / (gl - 2. * x) + 12, * (gL - 2. * x) * (pi - 6.

1 * theta) * (p + 2. * x)
s2 =2. *v2 / (gl - 2. * x) + 12, * (gl - 2. * x) * (dpc + {p
1 + 2, * x) * (pi / 2. - omega - theta - sin(omega)))

calculate the total volume and total surface area.
vE = vl + v2
sf = sl + s2

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.xl.and.x.1lt.x2)then
calculate the area of the grain.
a=sqrt3 / 3. * (w- 2, * x + (p+ 2. *x) / 2.) ** 2 -~ pi /[
1 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.
1 * x) ** 2 - dpc ** 2)
omega = acos(2. * dpc / (p + 2. * x) - 1.)
a2 = 0.125 * (p + 2. * x) * ((p+ 2. * x) * (omega +
1 sin(omega)) - 2. * dpc * sin(omega))
calculate the volume of the grain.
vZ = 6. * (gl - 2. * x) * (2. *dpc ** 2 - dpc * (p + 2. * Xx)
1 -pi/ 4., * (p+ 2. *x) ** 2 + 2, *al + 4. * a2)
calculate the surface area of the grain.
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s2 =2, *v2 / (gl - 2. * x) +12. * (gl - 2. * x) * (dpc +

1 + 2. * x) * (pi / 2. - omega - theta - sin(omega)))

¢ to calculate the volume and the surface area.
vi = v2
sf = s2
c to calculate the the mass fraction.

frac = 1 - vf / vo
surf = sf
dsdx = - surf / (x2 ~ x)
vol vE
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.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..999%)return

dsdx
dsdx

dsdxsl (kpr) =

= 0.
= dsdxsl (kpr)
dsdx

* coef (kpr)

if (abs(dsdx).lt.1.)dsdx = 0.

surf

surfsl (kpr) =

= surfsl (kpr)
surf

* coef (kpr)

return

endif
stop

c spherical grain calculations start here

210

vol = pi
surf =
frac =
dsdx =

return
220 format

end

subroutine jint (btdia,btlen,x,y,nchpts,chdist,chdiam,bint,bvol)

if (gd .le.

pi *
((gd - 2. * x) / gd) ** 3
pi * 4.

2.*x) goto 80
/ 6. * (gd - 2,
(gd - 2. * x)

*x) **3
**2

* (2. * x - gd)

(1x, ‘unacceptable granulation’)

dimension bint (10),chdist (6),chdiam(6)
pi=3.141593

areaa=pi*btdia*btdia/4.
distbp=x~-btlen

points=100.

step=y/points

zz=0.
bvoll=0.
ichg=0

do 1 j=1,

10

96

(p




wQ

910

912

bint (j)=0.
continue
if(step.lt.l.e-10)then
bint (7)=1./(pi*(chdiam(l)**2/4,))**2
return
endif
intsw=0
do 2 j=2,nchpts
if(y.gt.chdist(3j)) go to 2
nchp=j
ichg=1
holddt=chdist (3j)
holddm=chdiam(j)
diam= (y-chdist (j—1))/ (chdist(j)-chdist (j=~1))
chdiam(j)=chdiam(j-1)+diam* (chdiam(j)-chdiam(j-1))
chdist (j) =y
go to 3
continue
nchp=nchpts+1
chdist (nchp)=y
chdiam(nchp)=chdiam(nchpts)
write (6, *)chdist (nchp-1),chdist (nchp)
format (1x,2ell.4)
continue
areal=chdiam(1l)**2 * pi / 4.
bint50=0.0
do 58 il=1,nchp-1
npt=int ( (chdist (i1+1)-chdist (il)) /step)
if (npt.le.0)npt=1
write (6, *)npt,chdist (il),chdist (i1+1),step
stepl=(chdist (i1+1)~-chdist (il))/npt
write(6,912)chdiam(nchp~1),chdiam(nchp)
format (1x,2el1l.4})
rl=chdiam(il) *.5
areal=pi*rl*rl
do 57 i=1,npt
zz=zz+stepl
if (zz.gt.chdist (nchp))zz=chdist (nchp)
diam=(zz~chdist (il))/ (chdist (il+1)-chdist (il))
diam=chdiam(il) +diam* (chdiam(il+1l)-chdiam(il))
r2=0.5*diam
areal=pi*r2*r2
bvol2=bvoll+stepl*pi/3.*(rl*rl+rl*r2+xr2*r2)
if(zz.gt.distbp)then
if(intsw.eqg.0)then
diam= (distbp-chdist (ii))/{chdist(il+1l)}—-chdizt (i1}}
diam=chdiam(il)+diam* (chdiam(il+1)-chdiam(il))
r2a=0.5*diam
areal=pi*r2a*r2a
stepla=stepl-(zz-distbp)
bvol2=bvoll+stepla*pi/3.*(rl*rl+rl*r2a+r2a*r2a)
bintl=bint (1)+0.5*stepla*(bvoll/areal+bvol2/area2)
bint (2) =bvol2*bvol2/area2/area?2
bint (3)=bint (3)+0.5*stepla* (bint (1) *areal+bintl*area?l)
bint (4)=bint (4)+.5*stepla*(bvoll*bvoll/areal+bvol2*bvol2/area?ld)
bint (5)=bint (5)+.5*stepla*(l./areal+l./area?2)
bint (6)=bvol2/area2/area2
bint (7)=1./area2/area?
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bint (1)=bintl
bvoll=bvol2
areal=areal-areaa
areal=pi*r2*r2
areal=areal-areaa
stepla=zz-distbp
rl=r2a
bvol2=bvoll+stepla*pi/3.* (rl*rl+rl*r2+r2*r2)
bvol2=bvol2-stepla*areaa
bintl1l0=bint (10)+0.5*stepla* (bvoll/areal+bvol2/area2)
bint5=bint (5)+0.5*stepla* (1./areal +1./area2)
bint (2)=bvol2*bvol2/area2/area2
bint (3)=bint (3)+0.5*stepla* (bint (1) *areal+bintl*area?2)
bint (4)=bint (4) +.5*stepla* (bvoll*bvoll/areal+bvol2*bvol2/area2)
bint (5)=bint (5)+.5*stepla*(l./areal+l./area?)
bint (6)=bvol2/area2/area?2
bint (7)=1./area2/area?
bint5a=bint50+.5*stepla*(l./areal + 1./area2)
bint (8)=bint (8)+.5*stepla* (areal*bint (5) + bintS*area2)
bint {9)=bint (9)+.5*stepla*(areal*bint (10) +area2*bint10)
bint (10)=bint10
bint (1)=bintl
bint (5)=bint5
bint50=bint5a
areal=area?2
bvoll=bvol2
rl=r2
intsw=1l
go to 57
else
areal=areazZ-areaa
bvol2=bvol2-stepl*areaa
bint10=bint (10)+0.5*stepl*(bvoll/areal+bvol2/area?2)
bint (2)=bvol2*bvol2/area2/area2
bint (3)=bint (3)+0.5*stepl* (bint (1) *areal+bintl*area2)
bint (4)=bint (4)+0.5*stepl* (bvoll*bvoll/areal+bvol2*bvol2/area2)
bint (5)=bint (5)+.5*stepl*(1./areal+l./area?2)
bint (6)=bvol2/area2/area2
bint (7)=1./area2/area2
bint5=bint (5)+.5*stepl*(l./areal + 1./area2)
bint (8)=bint (8)+.5*stepl* (areal*bint (5) + bintS5*area2)
bint (9)=bint (9)+.5*stepl* (areal*bint (10) +area2*bint10)
bint(10)=bint10
- bint (1)=bintl
bint (5)=bint5
bint50=bint5a
areal=area?2
rl=r2
bvoll=bvol2
go to 57
endif
endif
bintl=bint (1)+0.5*stepl* (bvoll/areal+bvol2/area?2)
bint (2)=bvol2*bvol2/area2/area2
bint (3)=bint (3)+0.5*stepl* (bint (1) *areal+bintl*area2)
bint (4)=bint (4)+0.5*stepl*(bvoll*bvoll/areal+bvol2*bvol2/area?2)
bint (5)=bint (5)+.5*stepl*(l./areal+l./area2)
bint (6)=bvol2/area2/area?
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bint (7)=1./area2/area?2
bint (1)=bintl
areal=area?l
rl=r2
bvell=bvol2

57 ~orcinue

58 _ontinue
bvol=bvol?2
if(ichg.eq.1l)then
chdiam(nchp)=holddm
chdist (nchp)=holddt

endif

c write(6,915)

c 915 format (‘1’,1x,’Leaving Jint’)
return
end
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A(2)
A(za)
A(za)
A(za")

LIST OF SYMBOLS

density

area at position z

area at position za

area just before the aft end of the projectile
area just after the aft end of the projectile
cross-sectional area of the bore
cross-sectional area of the boattail

area at the base of the projectile

total charge mass

a constant to reconcile dimensions

mass flux

mass of projectile

pressure

projectile base pressure

breech pressure

mean pressurc

resistive pressure

pressure on the aft end of the projectile
time

velocity

volume as a function of distance and time
volume, at za, as a function of time
volume, at zp, as a function of time
projectile velocity

derivative with respect to time
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