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Abstract

A computer model of the pressure distribution and flow characteristics in

BT,

small arms barrels has been developed. This model shows the sensitivity

of the pressure history and ilaunch velocity to surface concentration density

of deterrent, flame front velocity, and projectile base heating.
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NOMENCLATURE
% A cross-sectional arca of gun bhore, ft?
E ]

a speed of sound, ft/sec

: p specific heat of propellant gas at constant pressure, BTU/1lbm-®R
Eg Cy specific heat of propellant jas at constant volume, BTU/1lbm-OR
H D diameter of gun bore, ft
§ Dy initial diameter of propellant grain (weighted average), ft

Fgas energy per unit mass of gas, BTU/slug

PR

Fq drag force on propellant particles per unit volume, 1bf/£t3
g* g acceleration of gravity, ft/sec?

H enthalpy, BTU/slug
gi J mechanical equivalent of heat, ft~lbf/BTU

N i Jistance burned normal to propellant grain surface, ft
2 %i mg .rate of mass of gas generated per unit length, slug/ft-sec
boo p gas pressure, Ihf/ft?
P q heat loss through barrel wall, BTU/ftz—sec
é% R gas constant for propellant gas, ft-1bf/slug-"R
r: R disk radius fo an individual grain, ft
é if Ry one half of web thickness of individual grain, ft
é 7 r linear ourning ratc¢ of propellant, ft/sec
? - 5 specific cntropy, BTU/1lbm-CR
% N Sp surface area of an individual grain, ft2
3 :: Tg gas temperature, OR
? ;% t time, sec
f - ug veloe ity of gas, f*/sce
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%
% Vp volume of an individual grain, fe3
- W powder potential, cvT(L), BTU/lbm
tl Wt weight of projectile, lbm
Pt 3 particle volume fraction, dimensionless
VL number of particle grains per unit volume, ft=3
Qﬁg Q‘ gas density, slug/ft3
Qp propellant density, slug/ft3
: % 'tw wall shearing stress, 1bf/ft2 or slug/’ft:--sec2
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Introduction

Investigations into propellant performance, barrel materials and
weapon kinematics require acrcurate description of the weapon interior
ballistics. The rresent study.was undertaken to determine the effect of
heat transfer on interior ballistics. 1In examining the interior ballistics
of small arms, tiie effect of a number of parameters must be included., These
parameters include chamber geometry. prupo?lant geometry, propellent com-
position and burning rate.

The heat transfer rates in small arms are very high and are considered
to be a major cause of barrel errosion. Accurate description of these heat
transfer rates is necessary for analytical predication of pressurc and
velocity histories in small arms.

The present study uses the method of characteristics to solve the
governing equations. The model assumes the prcblem to be one dimensional
and transient. Assuming a fixed propellent description, the effect of var-

ious heat transfer models has been examined. The performance standard is

test data from reference 1 presented in figure 1.
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E- l.iterature Survey ;%
;f
T3 Reference (2) presents a ballistic model developed from earlier work ;5
gg which was modified to include the effect of non~uniform propellant compo- ]
%é sition and non-simultancous ignition. In this reference the propellant
is represented by a composite of 9 different composition propellants.
%% This variahble propellant array allows the handling of different size grains {
1 and different dererrent concentration densitices. Sample results are in-
i cluded in reference (2) which shows good agreement with test. i
?
i} Reference (3) prescnts an analytical investigation of the flow in gun ?
barrels with particular emphasis on the heat transfer. In addition to the z
zj transioent nature of the flow, reference (3) considers the problem posed by ;
?‘ the Jack of a boundary layer at the base of the projectile. This condition
E 2 occurs beceuse in the projectile based region the gas velocity is equal to
?A the projectile velocity. This condition means that the Reynolds analogy
. commonly used in heat transfer cannot be applied to this case. However,
% the reference does propose an expression for heat transfer coefficient in
{ the projectile base regiow.  The resulting convective coefficients are be-
~ tween 5 and 20 Btu/sec fL2 °F. Comparisons between experiement and pre-
? diction presented in reference (3) indicate that even these high coefficients
Z » underest imate the actual results. However, the results of reference (3)
; Eé represent the best available procedure for calculating the heating at the
% Ha base of the projectile.
2N
i Refereuce (4) presented an analytical study of interior ballistics in
: ‘; which the governing equations were solved using a finite differencc procedure.
3
? v The geometric dimensions used in reference (4) did not correspond to standard E
% - small arms. Ln addition, the analysis was limited to stationary propellant :
§ o and to propellant moving at the same veloclty as the gas. In the area of éf
heat transfler refereonce (4) also obtained very high heat transfer coefficients %%
1
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(v 10 Btu/sec fcz 0

F)., It is worthy of note that for cases with and
without heat transfer and wall friction the ballistic performance was not
changed significantly. The present study has found that heat transfer par-

ticularly at the projectile base, is very significant.

Reference (5) presents an extensive study of the flame front movement
through a porous bed propellant. The analysis is presented for a venting
bomb type device. However, the results for flame propagation can be applied
to the small arms case. Indeed, the functional relationship between flane
velocity and pressure can be obtained from the data presented in reference (5).
Reference (6) considers the same problem as reference (5) but applied to the
small arms case. The results of reference (6) have been used in the preseunt
study to determine the progress of the flame front through the propellant bed.
Reference (7) presents an iterative model for the interior ballistic problem
in which parameters affecting the burning rate were changed until the calcu-
lated results agreed with test data. The caliber used in reference (7) is
the same as the present study, (i.e. 5.56 MM); however, the experimental and
analytical results are considerably different. This is most likely due to
different charge weight and propellant type. In addition, a number of the loss
factors considered in the present study are not included.

Reference (8) is the analytical basis for the present study. This
reference presents the model which has been used and also outlines the cal-~
culation procedure for the method of characteristics. The nomenclature of
reference (8) has been adopted in the present report. The present investiga-
tion has expended considerable effort in programming reference (8). Refer-
ence (8) describes the interior ballistic problem as a one dimensional
transient flow problem. 1In the model the propellant is assumed to ignite
instantaneously and burn at a rate proportional to the gas pressure. The

geometry of the propellant is uniform and based upon reference (10).
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Although heat transfer between the gas and propellant is neglected, drag

R I S

between these two 18 considered. The transformation of the governing

equations from the physical domain to the characteristic domain is described

Reol B e

in detail in reference (9). The heat transfer to the wall and the wall

friction are included in the model but the detailed descriptions are

developed in the present study. In addition, the effect of chamberage

WW

and projectile resistive forces are also included in the model of reference !
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Analysis
T, determine the effect of heat transfer and to evaluate potential

heat transfer relationships, an accurate model of the flow field must be

TS BRI T8 AT S T P T TS PR
i

developed, Considerable effort during the present study was devoted to

Wﬂ

developing a model which could reproduce test data. In addition, during

the course of this model development it became apparent that the assumption

m
Lo
e

of uniform Ignition was not adequate and therefore a more realistic flame,

front model had to be developed. This section describes the flow field

- osaeviny
fRE——

flame front analysis, and heat transfer models.

prosmsy
S

The {low is two phase, non-steady, including heat and mass addition.

The basic model desceribing the problem has been developed in reference (8).

PR
[UpRpeRr

Because of the geometry present, the problem is quasi-une dimensional. The

resulting conservation cquations form a set of quasi~linear partial differ-

. sars

s ea
Lor—

ential equations of the first order and hyperbollic type. Fer this situation

o v
| S

the method of characteristics provides the simplest means of solution.

Reference (8) provides the details of the transformation of the governing

[
hanss Ak

equations to the characteristic form. 1In addition, reference (9) provides
Ea vhe thenretical foundation for the applications of the sethod of characteris-

tic to the prasent problem,
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Flow Field Governing Equations

The governing equations described in these sections are based upon

the following assumptions:

1. Flow is quasi-one dimensional

2. The
3. The

the

4, All
and

are

5. Interactions between individual propellant particles and between

particles and the boundary are negligible

6. The

to the pressure
7. The average gas temperature is defined by the heat content of the
gas phase
], The propellant particles are spheres for drag calculations
9. Heat dissipation due to viscosity is negligible
10. Radiation is negligible

11. Gravity is negligible

gas is assumed to be ideal
specific heat and moleculzr weight are dependent upon

amount. of deterred and non-deterred propellant burned

propellants grains are initially of uniform surface area, volume,

radius. Weighted mean values based upon reference (10) and (11)

used.

thermal moticn of the propellant particles does not contribute
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Overall Gas Continuity Equation

}{é QyAG- Q) + '._:_;‘( B A u‘(\-e)) = g

where mg is the gas generated per unit length
hg = ©SprRe A/V‘.
Propellant Particle Continuity Equation

‘&3‘ = -6)_“'- w'%, U"'%
D % A W KEP

Overall Gas Momentum Equation

AQ‘Q- €) “%\ég + (\-e}uz(\A)‘%g

= -Ugwmy - Tu WD - u-oA‘g.?
%

(1)

(2)

3

where “Uwe is shear stress at the wall and Fd is particle drag per unit vclume

Propellant Particle Momentum Equalion

DUr . Upwy | ¥y
Pt QA6 Qpe

Overall Gas Energy flquation
(G- O Y] +qGTRA
2 ((-aRy(Yy +9 Y )A) .
+ %‘( (- e)(\ l\“z(%‘-ﬂ'&# %" +%\

= - {7 - FA Lty ugh+ Wy

where W is the heat content of the propellant per pound

(4)

(5)
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Overall Gas Entropy Bquation

g ‘bt. - (= el L—’?— - Rs\/ (A(V-€) Q\T‘ %) (6)

- where,
&

» Eqps = - 97D = FaATU-UEl + gW

% - oo P

i g T ™
4 I F 1™ »
g P '
3 |n
i, R, = h%(%c.T%*U)*PAEQ paliiiiay
3 i5 I “ Q T
1 AV %
A I
§ i

- In the preceding equations, the dependent gas variables are entropy,

§ =

iz

?j gas temperature, pressure, gas density and gas velocity.
2 gg The next step in the solution procedure is to apply the method of

* characteristics. 1In this approach the dependent variabl:s become the

i: P and Q Riemann variables where:

-

Pz 2 a + Uy

il B~\

ii

) Q= 2 o - Uq

: V=t

iz

Solutions are determined along these P and Q characteristics.

E; The characteristics represent lines along which infinitesimal disturbances

2% R are propagated at the local speed of sound in the gas phase. Along each

characteristic the following relationships between X, t are true:

U‘-m

(along P characteristic)

e gl e d R e o e
+
L]

2 dt
d,_‘_ . U.% -
- fotsomn £} aliawantnricbind
. AAdI0nE Y CaarQluliinesly
2 W dt

oot

Equatfon (1) und (3) can be combined Into two cquations for P and  along

"

S

the respective characteristic using the ideal gas relations (for details sce

reterence (8)): ot= 2R Te
P = 2¥ bma - 433
dn b = U=\ %ﬂ

yielding cquatfons (7) and (8).
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£ ot LA
i
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Equation (6), (7) and (8) along with the appropriate ideal gas relations
: é% are the governing equations for the gas phase. Equations (2) and (4) describe
- the propellant particle phase.
é .; Initial and Boundary Condtions
g o At t=0, the first Q wave leaves the base of the projectile and travels

toward the breech. During the time prior to the arrival of the Q wave at
the breech, it is assumed that the gas in the chamber is at rest and that
the temperature is constant at the fiame temperature, Tg. The pressure ip

the region between the projectile and breech will rise as the @ wave advances

i 2 it e . . e ,Jada
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due to the burning of propeliant. The slope of this first Q wave is given

by equation (9).

qL! s ~0p s -~ U" RTe (9)
de

70 TN TR RO T TR EETEE TN Ty e I

The Q wave is divided into a specified number of equally spaced nodes.
The nodes are c¢he origin for the P wave., At each node the gas temperature
and speed of sound are known, the other parameters are given by the following

relations:

R T (u;. - %)
-]

Ds L (AW - wasR E)- Pa2s)/

(A (- {xT‘)

. At o o
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- (Sin -S:
Pios = P € %g i =S4)

Since the speed of sound is counstant along this wave, Q is also constant,

z This procedure is different from that described in reference 8, but it

e

yields the same results,

od

The spatial boundaries of the problem are the breech (x=0) and the base

of the projectile, The brecch is at a fixed condition with the gas and

et

propellaat velocity equal to zero. The location of the projectile base

i

is determined by the intersection of a P wave and the equation of motion

[ T
[

of the projectile. The two equations governing the position of the

E RS
[N |

projectile are:

1

i dx . Ug+a (10)
g; t L] E
i1
i ga
1 T
, 0 qQ X\ (11)
2 g’% L* - h‘? - -\w -’Z
Bt Wi * 3
o

e e - SRS,

where Ry is the cngraving force and Wt is the weight of the projectile.

At the projectile base the gas velocity, propellant velocity and projectile

PRI LN Y O S

velocity are all equal.
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Numerical Procedure

 Soent

The numerical solutions to the governing equation will be ubtained

using the finite difference procedure. In this approach, derivatives will

o

. & be replaced by finite differences (explicit) and these will be used to

ﬁm».,%
E el

generate the desired characteristic grid., Tig L shows the proposed grid

system,
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Figure 1: Schematic of Characteristic Grid Points

PRy
[ R Y

< U i N AR - TR ¢ R W S
5 T .

There are three types of grid points, interior points, (a,b,c), ;

breech points (e,f.g) and projectile base points (h, {, j). The govern~ !

o it ; ot s .,‘,‘ e i o R Pt
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ing equations and solution procedures are different for each of these types i

.- of grid points and therefore, vach will be handled separately.
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Interior Points

Figure 2 shows a typical interior unknown grid point (€ . it is on

a P wave from point (4) and a Q wave from poin: (3).

t Q?
.
\/
3 T;\
8
4 N
Figure 2: Diagram of Points Used to Calculate ¥

Interim Grid Points

Point (7) represents the location of a gas particle which intersects

point (6) and .he line connectiig points (3) and (4). Point (5) is similar

it
. to point (7) except it represents a propellant particle. The slope of the
;% P and Q characteristics are given by equations (12) and (13). )
Xy - Xy U 3
r————— = " Q (12) 3
1] -t LT e é
r i
¥ i3
: H x‘_ - -
L et "
3 % - where i 3
% 12 u%“‘ s (U‘4 + U»‘;)/z ;
1o Qe = (Qa+ QO)/z
¥ o i3
- Uss = (Ugye Yok 3
b oL s (Qye Qo) /2 ]
. Solving for tg and Xg
" Lyn Xa=Xav ta(ly, + Oy - tallgy, ~0a,) () :
. ( u“ok ¥ Q’aﬁ’ - ( u\‘,h" Q‘.l) ;
. Xy = Xy » ( ui.’.“l‘ Qg's)( 'hc," tg) (15) ]
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Since the values at point 6 are initially unknown, an assumed value
of a given parameter is used and then the procedure is repeated until the
assumed value and calcuiated value agree to within a snecified tolerance.
The ini~ial .. taption is an arithmetic average of thc v.lues at peints (3)
and (4).

Knowing the location of point 6, iL is possible using the procedure
described in reference (8) #~ pages 23 through 30 to generate the data
required for the solution to proceed. For brevity, the details will be
omitted; however, certain key points should be mentioned. The average

burningrate between points (5) and (6) given by:

Yoz BB (14 & (1ug-Uply - see)

The distance burned normal to a particle surface at (6) is:

26 = 15 + T5-6 (tg-ts)

Knowing #6 and 25 the average particle volume and surfacz area between

(5) and (6) can be determined

: Vos.o = (Vps(%5) + Vg (16))/2

5p5,6 = (Sp5(t5) + Spe(261)/2

% The gas per unit length generated along the propellant path (5) and (6) is
b

- h ( €s\ S Y.

oL X W v-i ) [ TR XY cp A

§ Pst

% .. (]

AT Py

et e o rr ol et arar e Telm
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Ti The rate of change in propellant particlz velocity between (5) and (6) is

L E

given by equation (16)

Wcmeatvr 3
oy d

?é:" . uh,s ';‘Qc.s + F'J'.u

(16)
1 x ReA €y, Re ﬁs,t.
ii
1 a
}i The rate of change of propellant particle volume fraction is given by
- equation (17)
! De . - &su Dur - 2 €4 Upe (Aa-AY)
ii Ok u'm b IS EENES)
N - vh: 5.0 (17)
i Atr

The rate of entropy change for the gas can now be computed using

3 equation (6). The change in P and Q along the appropriate characteristic

L is given by equations (18) and (19)

P

Pg‘ : Py & e ?!.s (‘hk'*") (18)
v
i R 2 Rg + 1-Rg(ti-2) (19)

fou i

i
where &P\&/‘t and f‘a““/‘t are given the equations (20) and (21)

&P‘M. s =20 u\g, (54"5\) + (L\)Qg; T s
T (Aa + A3) ) (%= %) | 2 x T

+ 5,&.53‘ + Qy, Sﬁ Sy} - 'L’u'ﬂ"b
IR tE y e 3Y) Ali- igt)(’\s
cont (e + Qe he) - ‘-’,‘;l;'::a)

- 6,0 APy Wi, 0
(209
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Using the calculated values for P and Qg, new values for the gas

velocity ana speed of sound can be computed

Ugﬁ = (Pb'Q6)/2
& ’ -1
2% &l (o, + gq)
The entropy at point 6 can be calculated from equation (24)
= S9 + ( ) (t6 ~ t7)
(24)

The new values of Ugg, ag, and Sy can be used to calculate the
~-maining thormodynamic properties based upon the equations on page
34 rcference 8.

In additjon Ugg and ag are available to obtain a new cstimation of
the location of point (6) (i.e., t6, X6)., The procedure described
above is then repeated until the new values of ag and Ugg agrees with

the previously calculated ones to within a specified tolerance.

(22)
(23)

IR Y
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Projectile Base Point

The solution at the projectile base is determined by the intersection

of a P wave and the path of the projectile. Figure 3 presents a diagram

of this intersection. The location and thermodynamic properties at

-t

p ‘
' eajteTILe Parn

[}
Figure 3: Diagram of Peoints Used to Calculate a
Projectile Base Point

points 1 and 2 are known. This section describes the procedure to find

point 4. The slope of the P wave from 2 to 4 is given by equation (25)

3 uh’t * Q. C@25)

In addition integration of the equation of motion of the projectile

yields equation (26)

Xe = Xy + U‘. (e-%)) + .‘i[‘_‘,’%&) %%

Wa, (26)
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Simultaneous solution of equations (25) and (26) yields equation (27)

‘h* « =-8 - \’ Bt. ﬁAC @n
A

where

Qe (0% + (Ugedan b - (BgRIA -RDE

- (e - gD
B = Uy - (221g0 -%_e)t\ ~ (Ugre+ 0y

3 (V: 9’) A.q- <
A 3 ( .%ii:“ fﬁie)

Knowing t;, X4 can be obtained from cguation (25). At the base of the

projectile the projectile velocity equals the gas velocity (eq. (28)).

Ugq » Ug, + ( \%’?% - %.;e)(h--h) (28)

Having established a first approximation for the location and the velocity

at point 4, the change in P along the characteristic 2-4 can be determined.

The details regarding this procedure are given in reference 8, pages 36

to 40. The rates of change of P (80“!..“/ $% ) and P4 are given by

equations (29) and (30)
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§s P;'q a = TQye U‘\,Q(AQ'AI) + Q\" '%_:

& (Arvehe) (%a=%v)
A(l= 64)%uu (= 6,0 e
FA - ul‘llﬂ V;\s T\

- (--——s\,“ (- €38) A(V=6g4) (““

] .
+ OQyy My,

AL €a0) Pt @)

P‘:. pg + u‘,‘ &**" 'hl.) (30)
{

Knowing P4 and Ug,, a new velocity of sound, a4, can be computed from

equation (31)
Qq = ( Pax Uag)(¥-1)/, (31)

Using a4 and s;, revised values for the other thermodynamic variable can
be computed. The procedure is chen repeated until the values of Ug, and

a, for two consecutive calculations agree within a specified tolerance.
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After the projectile leaves the barrel the procedure is the same as

described on pages 49 and 50 of reference 8., It is assumed that the gas

Do &
[ ]

velocity is sonic at muzzle exit and that Q waves after the projectile
{} leaves, originate from the muzzle exit. Under these conditioms X4 is

fixed and the following relations exist:

E *.Qg 'h-g e ( Xo-Xe)
(u‘\t,u + Qua)

F Qa~ Ve l¥-D
| (3+0

Uay = Q¢
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Breech Points

The breech is located at X=0. Figure 4 diagrams the intersection

of a Q wave with the breech.

*

- X
Figure 4: Diagram of Points Used to Calculate
Breech Point
The time tj is given by equation (32) .

ty = "Xz/ng - ag, 3) + tg (32)

In equation (32) the initial estimate if as is made by assuming the

same values as point (1). The change in Q from 2 to 3 is then computed é'

and a revised ay can be obtained from equation (33)

ay = 8- Qy (33) P

The rate of change of propellant volume fraction and of gas entropy are

given by equations (34) and (35)

Ve o - \&\g - € 2 (34)
T AQr kL

‘Ilf = EEN&* T;EE&L

D A(rv- 63) (,‘,‘T‘.', (35)
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The rate of change in Q along the characteristics from 2 to 3 is given
by equation (36)

gc a‘ ‘ - q‘ .Ds *
4 = )‘ Y Q‘ e
* %I g (“ i,‘l’%

+ O
AQ1- 6,3) RLY

The value of Q and § at point 3 is 3iven by equation (37) and (38)

Q@ » N 4+ 8.%.?.93 (ty-tr)

3 = S. + D3 (t3-1))
e

Using equation (33) and (37), a new value of aj can be calculated. In

addlition, a3 and S3 can be used to calculate the remaining thermodynamic

variables. The procedure is repeated until the value at aj frou two

successive calculations agrees within a specified tolerance.

(36)

(37)

(38)
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The preceding procedurc has been programmed and the details of the program
are presented in Appendix A.
Flame Front Coverning Equations

Initially it was assumed that therc was instantaneous ignition of the
entire propellant bed. This resulted in exceseive breech pressure and low
projectile base pressure. A better approximation is obtained by using a flame '
front with a finite velocity. Basel upon the results from references (4) and
(12), it was determined that the flame front velocity was proportional to the
pressure behind the front.l Using data from these references the following
relationship was developed

where

a = 31.5 1n/sec/(spi)B
B = .48

poey

The effect of the flame fror* progressing through the propellant bed

can then be determined by Integrating from the breech to the projectile base.

- Rt 2 2 ek T a3 )

The pressure amd temperature behind the flame front was assumed uniform. The
gas velocity was also assumed to be zero. For a given time increment the i

distance the flame front moves is given by equation (40).

t2 :
dL = j Vg dt (40) 3

t1

ol

s A S e

In equation (40) the velocity is based upon the initial pressure(at tj)

-y P L Uy Y S 3 e . M v Y 0] .
dna dan idi pressuic (al €z). The procedure is repeated uniil the

agsumed final pressure and calculated final pressure agree to within 57%. The

N VI T P T ST IC o

distance burned normal to the propellant surface in the same time period is

given by equation (41)
d XL = (8p™) (tg-ty)

(41)




T

< ey

L ey TR W

W A e
B 2 eoms

S
-

Brnmimar iy
[ ]

Ry )

e

| EFSIAREN 3
[ ]

e

-

Using the results of reference (10) the new volume a propellent grain resulting
from the surface recession given in equation (41) is

xt)) 2 »Q!‘.,)-\ + 4%

RL= R~ &,

Vi, = 2m(REY(RL) + WRU( Re+ 4RL) (42)
%
wherc
RR = Ry = Ry

Ry = equivalent mean radius of propellant grain

Rj = one half web

The total gas generated in the cell defined by dL from the time
t =0 to tas tz2 is given by equation (43).
xn‘ = dl 'l“(\‘ci- V\") e (43)
Equation (44) gives the volume fraction.
€y s (AL = Xmy /) [ (AQL) (44)
The pressure behind the flame front is obtained by applying 2 modiffed

perfect gas relationship to the total gas generated from every cell.

Pax (XT¢C-W ¢+ B AzZL) (45)
(AL - Nols - XT6 X)

PO X

-
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where

W6 = sum of gas generated in each cell at time t2
L= digtance flame freat has progressed from t = U to tz
Vols « total volume of solids behind flame front
‘ = propellant covol ime .
The pressure given by ecuation (45) applies to the cntire region behind
the flame front. This prersure is averaged with the pressure from the preceding
time period to determiue the flame front velocity. The procedure is repeated
until the pressure ir equation (45) for two successive passes agrees to within 5%
The flame front calziulation procedure has been programmed and the details

of the program as presented in Appendix B.

et e B e AR A S
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Heat Transfer Models

Since the analytical model considers the problem in three distinct
regions, the breech, the interior, and the projectile base the heat transfer
models wiil be considered in the same manner. The approach in defining the

heat rates has been to use the best data either experimental or analytical.

Breech Region

In the breech region, the hot gases stagnate and as such, no boundary
layer is formed. Although there may be recirculation flows in this region,
analytical description would be extremely difficult. However, there is data
available on heating in the projectile case region. Reference (12) developed
experimental data on the heating rate at varifous locations in
amm-vition case region or a function of time. Figure 5 presents the results
from reference 12. Tou obtain the heating at the breech, the data in figure 5
was extrapolated to x = o and then replotted in figure 6. _The peak heating
occurs at .25 milsec with a value of 3.7 Btu/ft2sec. After reaching this
peak value the breech heating decreases exponentially with time. Rather than
trying to match the peak heating, the approach taken was to satisfy the long

term heating by fitting the following cquation to the data in figure 6.

% - K e ('e(TJ-Tw)

Using 1 and 2 milsec as the matching times, the following values for K] and

K2 were obtained:

Ki 3.24 Btu/ftlsec

Kz = =587.78 sec~l
The dotted line in figure 6 gives the profile of the fitted curve. To

determine the eifect of breech heating, the value of K) was varied trom 0 to 3.24
un a series of computer runs. The results showed that breech heating had a

negligible effect of projectile launch velocity and peak pressure.

PN Nl N SRR AbSal ot
w N R T o

.-
0 AT A R AL TS I R A

s,



32

P RS S S T S
- T T T T S e
R R RN N SRR N T R T
w P ." ~ m o | *: 1 I I B S i b m
: - — ; i . . : i } | : !
: : \ NU=IHI3I%Q WORAI IMMNYISNG ! i i i S b
b - - - ; - i . 9 *. : ~ R
: _ _ ! .&4 i o1 4\ T 1 QT
*, - ; : , ! 4 P .
- ! ) PR SN CEE R A S i N M M
5 I R RNV O i . : m i N
H } .Wllil.lll _ . N m
i 1 ! i | i :
“ + . H ” 4 1 s
e TR R o .- - - . w.. . lx_.
B . R w : i : e
; T : 3 & _
4 : ! i ) :
01M M M w M “ ” IM;- - - w - L,
m . SR I R L B
AN T i : . m _. m o
i : 4 ’ I.t” ' RO ‘.t.lmi ¢|.|M o S m.; Sl i
- e ” ; . . : J
B s T S SR : <
o i e U S .
: : i { " | . | v .
O _ \ Lol -
M R N S w _
. E A 7
) m k O S G Lo ! -
R I At T m B w .
“ : . w m : : P ; . i “ :
: : ] | . _ _ m - b SRS T S
H : : i : . : L B S S Y # S i : ,
it sl ...m:----l_!- =y w Nq%w&, L ﬁadwu m44m._. m..du; o M i i ! ! ;
i S B “ “ : P | R S N 3 ! : i : :
w P ». L SO S NS SR S RS VREES B S S _ i
S S Sy A T S A A A T : :
. 1 . i - H ' : ! . .
JEL N T T S S AT S TN SN IORM N B B
. . ; ! i ; | ; | : u | ! ”
P S T EIS NUUNEE N U N S, N ”




)
[}

PP PRI &3 At A P St a o

T T T T T T P TR SO S TPy FO O M PmD e RIS MRS L S

M,
pamme . .‘ —‘. ST Ty = N . . _' i . ' f - ; bl m,
SR T S UL ST N S AN SRS S U S S L
; T i , Ly n | 9 3PONS i ; u P | “
: i P R —— NS U S - L4 e fereccmmmmebie - o - - [ S PR & P .
: C _ o i i ; .n i | ! .o ]
I , , : o o UM L IWIL _ ; i . w
. . w . L | ; N @ .
T NN T _ ] A
- w - i - . - - - bt . . — : H
: : : ! ) -~y ; ! m
SN PO S - e e 2 e H U SR,
T _ _ ; : ]
S ' * ! R SURNR TN SO . . Q.IJ =
: i _, . ! i ‘
S R o “
P q.llW-l‘CHO il Sl - y ;rl“ - T ]
. co “ : { :
S R S s A IO
i . :
- Tty T . # N .
N I U SRS DR 4 i
R T S i : ; i ; i
SR S ! ! . I
T | i : i
M i E ! : : i ; ,
H N ' . [ i . .
i S St S D R A S A i ” [ B * -
PR N “ A . 4 ' ! i : : ' : : i
; : i (o : i ' ; '
P . p H i ! . j ; 1 § i .ﬂ
: S : S IUVER T L : : i ; m
| _ w ﬂ M _ 0'0 23X OLVIVG AT4SKVAL. | ; w m !
i R ; Soeh D P wEH IO NOVINN0dNEINT T F T : _ o
: ; ; . . ' ) ‘ .
M w i : N “ ! i : m . ! ”
i ; : ! : :
m " : | :
W T
i N : i
fee e : : SR S
. . . ‘
! . :
”.HHW TN S O




L

o gy i

L
i3
b
23 ',
3
4 7
2
:

i

AL

4 DU U

ALY

s sarwing
xammv—h

,....,!

[ aniaiaacd | b4 t
o A ]

E?
i

-~
T

= X W
A ot Ricks g2 i = & e

34
Interior Region

The interior region refers to those locations not considered to be the

breech or projectile base. In the interior region, the boundary layer along

the wall is fairly well defined. For this reason the approach has been to

use the standard Reynolds Analogy:

h
Ve © 2 *

The selection of the friction factor, f, is somewhat arbitrary but

values between .00l and .006 have been used.
Projectile Base Region

Describing the heat transfer in this region is very difficult because

the normal boundary layer approximations are not satisfied. In this region

the gas velocity at the wall or base of the projectile equals the projactile

velocity which {s the highest velocity in the problem. 1In addition, the level

of projectile heating (barrel heat transfer at projectile) has a profound

effect upon the peak projectile base pressure and therefore, the launch velocity.

Initially, the approach was to simply use the Reynold- Analogy in this

region with the gas velocity equal to the projectile, velocity. However, this

approach grossly undcrestimates the peak pressure at the base., Since the

pressure increases with entropv decreasc assuming constant gas temperature,

this condition is valid as ling as the propellant is burning. Entropy can

be decreased by higher heat transfer rates, The approach taken therefore,

was to arbitrarily increase the haat transfer coeffirient. Factors of ten

were necessary to significantly increase the base pressure

of a factor of this size seems unreasonable. In addition the peak heating

rate vccurs ncar the barrel exit which does not agree with test data.
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The next approach was Lo use the heating rate based upon a shock

i

tube end condition., This procedure was developed in reference (13). In

ol

this formulation the following equation was used:

h= (e,rc.x)%r.,(;,,,-(r,: TM)&

in this representation the shape of the heat transfer coefficient as

Wesrweivag

1

[t ,_WM
[ ]

a function of time is correct. However, the overall levels are too low.

The constant, K, can vary by a factor of 2 (reference (13)) but this is

still inadequate to predict the required levels of heating.

 aponnts S svnss

The most promising procedure is the one described in reference (3)

{' In this reference the flow in the barrel is examined qualitatively and

" quantitatively. The reference notes that away from the projectile the
{< Reynolds analogy could be used. However, in the projectile base region
i1 the momentum thickness goes to zero because the gas velocity and pro-

i jectile velocity are equal. If a boundary layer analysis were attempted
; this would yield un infinite Nusselt number,

I The approach taken in reference (3) was to use the usual boundary
?ﬂ layer method away from the projectile and breech. These locations are

handled using approximate solutions. The analysis develops the integral ﬁ

momentum equation and solves this equation introducing empirical data

The projectile heat transfer is given by:

I Nu= 4a° &, £ 0

3 SN “iaﬂt

- when needed.
i
*
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where:

Nu - yusselr Number hel/k 1 ’f
@ = shear law constant = ,332

= Prandtl Number

Ia‘c = Reyrolds Number based upon gas velocity and L

CN = Reyrnolds Number based upon momentum thickness at

transition

L. Distance from projectile to breech

The transition Reynolds Reet taken as 200. The heat transfer prediction

method of reference (3) was used in the computer model because it provided the

right profile and heat transfer rates of the right magnitude.
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Numerical Results

Using the analysis described in the preceding sections, an analytical
model computer program was developed and number of cases were examined.
The most important parameter affecting the pressure and velocity history is
the surface concentration density (SCD) of deterrent. Figures 7 and 8 present

the pressure and velocity histories for an SCD of 0.1 and 0.2 respectively.

In these two cases it is assumed that the flame velocity through the propellant

bed is infinite. The surface concentration deusity of deterrent refers to the
distribution of deterrent through the propellant grain, For all cases using
the same propellant, the total amount of deterrent is the same; however, for
an SCD of 0.1 compared to 0.2 the deterrent is spread to a greater grain
depth. This means that the effect of the deterrent is less over a greater
depth. For instance the SCD = 0.1 deterred flame temperature is 4615°R
compared to 3331 %R for an SCD = 0.2. From figure 7 it can be seen that the
launch velocity for an SCD = 0.1 is 2500 fps. Launch occurs 1.27 milsec after
ignition. For SCD = 0.2, (figure 8) the launch velocity is 1700 fps at 1.69
milsec., For both these runs the heat transfer rates at the projectile base
were defined by the results of reference (3). Comparing the results from
figure 7 and 8 with figure 1, the experimeutal data, it can be seen that
considerable differences exist. In figure 7 the launch velocity and peak
projectile base pressure are closer to the experimental results than figure 8.
However, the launch velocity is only 78% of the measured data and the peak
projectile pressure is only 59% of the corresponding experimental results.
In contrast the peak breech pressure from figure 7 is 183% of the results in
figure 1. It 1s felt that these differences can be attributed to:

(1) projectile heat transier

(2) flame front velocity
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Based upon earlier heat transfer studies it was determined that

3% projectile heat transfer had a strong influence on projectile velocity

R LT

N o £ e s
-
»r

— and projectile base pressure. For comparison the projectile heat rate for
an 5CD of 0.1 and 0.2 are presented versus travel in figure 9. The peak

;% projectile heating is 14,500 Btu/ft? sec at approximately 7 inches of
3 .

travel. This is approximately one half the predicted peak from reference (3).

In addition, the peak occurs further downstream than anticipated by refer- :

ence (3) and experimental experience.

The large variation in peak breech pressurc was attributed to the

{i high flame speed. To examine this offect, a finite flame program was

written and run. The analytical basis for this program was described earlier.

% Table 1 presents some results from the finite flame velocity analysis.

i TABLE 1
| %
SCh = 0.1 SCh = 0.2 SCh = 0.1

i Max Pressure 414081 14,720 16,972
behine projectile~psia

Flame Travel Time - scc .595x10~3 .756x10~3  .731x1073

*
8CD=0.1 but 1/2 burning rate to simulate ignition

PRPURRRVN

delay

Figure 10 presents the volume fraction, &, distribution versus distance

ror the same cases on Table 1.

e Ay

The pressure and velocity history using a finite flame velocity is

given in figure 11 for SCD=0.2. The launch velocity is increased by 400 fps

e

and the projectile base pressure is increased slightly. The breech pressure 3

rrond e b
Le

v N
i 5315 [P S %154

is reduced significantly because the finite flame velocity analygi

LR PR

volume fraction at the brecch equal to zero. Figure 12 presents the same

results for an SCD=0.1. The launch velocity in figure 12 is 3800 fps.

The peak projectile base pressuse is 64,500 psia. This represents a sub-

stantial change over the resules in figure 7. The flat response of the
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breech pressure curve is again attributed to the zero volume fraction at
the breech,

To eliminate the flat response at thelbreech when using the finite
flame ¢ériteria, it was decided to set the volume fraction at breech
equﬁilfé‘thé first station in the flameé front analysis. This change
increasés the breech pressure significantly. For an SCD of 0.1, the
results are not reasonable. To moderate this effect, the one half burn-
ing rate was used in the flame front analysis (see Table 1). With the
breéch volumé fraction equal to zero, the peak bréech pressure was
approximatély 17,000 psia. The peak projectile boré pressure and launch
velocity were 57,500 psia and 3640 fps respectively. Figure 13 presents

the complete pressurc and velocity history for the non zero breech volume

- fraction: In ;his figure it can be seen that the peak breech pressure is

130,000 psia. This is approximately twice the experimental results. For
this case the starting breech volume fraction was 0.574. A lower value

would reduce this pressure.

Regarding the choice of heat transfer model, a number of runs were

made using the usual Reynolds analogy. The results from these runs yielded

launch velocities and pressure at the projectile well below test data.
Some parametric runs were made to determine the necessary increase in heat
transfer vequired to yield agreement with test. These results indicated

a factor of 10 or 20 which does not seem reasonable. 1n addition the
gencral shape of the profile predicted by the Reynolds analogy is in-
correct. The Reynold's heating peaks with peak velocity. This means that
peak heating would occur near launch., PFor thils rvason, the decision was

made to use the heat transfer wodel described in veference (3) exclusively.
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Conclusions and Recommendations

Computer models have been used to describe the flow field in small arms

and also to describe the propagation of ilame front through a porous

propellant bed. The model determines the pressure, velocity, propellant

volume fraction, and temperaturc versus time and position,

Numerical results have shown the dependence of projectile velocity

and barrel pressure history upon deterrent concentration density and

flame velocity. It has also been determined that the heat transfer to the

base of the projectile also has a significant effect upon the launch

concition,

Unfortunately, it was not possible to simulate the experimental data

presented in figure 1. However, with some additional effort, the author

feels that the results of figure 1 can be duplicated. Toward this goal,

tte following recommendations are made:

(D

Vary breech volume fraction to simulate breech pressure.

(2) Parametric study of projectile buse heat transfer to obtain a steeper
pressure profile.

(3) Parametric study of projectile resistive fore:.

(4) Development of analytical equations for flow at the base of the
projectile.
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(6)
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(8)
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Description and ilsting of
Flow Model Computer Program
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COMPUTER PROGRAM

The computer program implementing the numerical procedures describer in

preceding sections composed of a main program and 10 subprograms. The main

program controls the flow of the calculation. The subprogram performs certain

specific functions during the calculation. The name and function of each sub-

program is given below:

SUBPROGRAM
DIME

START

INTER

BREACH
BASEP

OUTPUT

DIAGO

RFORCE

PROP

FUNCTION
calculates the surface area, Sp, and volume, '

Vp, of propellant grain as a function of dis-
tance normal to the surface.

generates the pressure, entropy time history
along the first Q wave from the starting point
to the breech. The required number of points

is specified in the input and program divides
the distance from projectile base to breech into
equal increments.

calculates the interior points using value at
(3) and (4) (figure 2) as known

calculates the breech points
calculates the projectile b»ase points

points the required output information in the
specified format

a diagnostic program which prints certain informa-
tion if the calculations in INTER, BxtACH, and
BASEP do not converge within 10 tries

calculates the enygraving force as to function

of X based upon tabular input data

calculates the specific heat ratio, gas constant
and specific heat at constant volume as a function
of the amount of deterred and non-deterred pro-
pellant burned. The program is called only after
the deterred layer is burned through

e Al e 3 Y. AR T RS 3 v *
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This is a subjunction which
calculates the tube cross
sectional area as a function

of X based on tabulated inputs.

The main program maintains control of the overall program and stores
the calculated values of various parameters (i.e., gas velocity, propellant

velocity, pressure, etc.) This data is stored in a double subscripted (i,j)

array. When i equals j, the points correspond to the base of the projectiie.

Along a given Q wave the j subscript is comstant. For a fixed value of j,

the number of i values which determines the grid size is an input parameter.

Figure 5 present: ¢n abbreviated flow diagram for the main program.
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DESCRIPTION OF ARTAYS AND VARIALLES

.

X(1,)) X, location of grid points

%‘i TIME(1,J) t, time of grid points

§ % VEL(1,.J) fas velocity at grid points

- ? &88(1,8) speed of sound at grid points

" PRESS(1,J) pressure at grid points
TEMP(1,J) gas temperaturc at grid points
DEWS(1,.J) gas density at grid points %
VELP(1,J) propellant velocity at grid points :
ENTR(1,J) entropy of gas at grid points
VOLFRA(1,J) volume fraction at grid points '
AL(TL,0) distance burned normal to propellant

grain surface at grid points

The following are used in the main program and subroutine INTER (sce
Figure 2)

X3, X4, Xo spatial location of points 3, 4 and 6

T3, T4, T6 time location of points 3, 4 and 6

UG3, UG4, UG6 gas velocity at points 3, 4, and 6

A3, Ad, A6 specd of sound at points 3, 4 and 6

PS13, PS14, PS16 25 pressure at poinis 3, 4 and €

AREA3, AREA4, AREAG tube cross sectional area at points 3. 4 and 6

163, TG4, TG6 gas temperature at points 3, 4 and 6

i RHO3, RH04, RHOG gas density at points 3, 4 and 6

e L




ups, ur4, uré propellant velocity at points 3, 4 and 6

.

- 8%, sS4, S6 entropy at points 3, 4 and 6

4 EPL3, EPL4, EPLG propellant volume fraction at points
3, 4 and 6

i L3, L4, 15, 16 distance burncd normal to propellant

grain at points 3, 4, 5 and 6

The following are used in the main program and subroutines BREACH
and START (see figurc 4)
N X12 spatial location of point 2 i
. T11, T12, Ti3 time location of point 1, 2 and 3 %
- uGll, UG12, UGL3 gas velocity at points 1, 2 and 3 ?
) A1, AlZ, Al13 speed of sound at points 1, 2 and 3 i
1 P5I1, PSI2, PS813 gas pressare at points 1, 2 and 3
. TG11, TG12, TGl3 gas temperature at points 1, 2 und 3
L% RI1011, RHO12, K013 gas density at points 1, 2 and 3
- 811, §12, S13 entropy at points 1, 2 and 3
EPL11, EPL12, EPL13 propellant volume fraction at peints
1, 2 and 3
AREALL, AREAIZ, AREALD tube cross sectional arca at points
. 1, 2 and 3 -~
L1, L13 distance burned normal to propellars
grain at points 1 and 3
1 uP12 propellant velocity at poiat: 2
; E' The following are uscd in the main program and subroutine BASEP (sce Figure 3)
% : j‘ X21, X22, X24 spatial location of points 1, 2 and 4
é T21, T22, T2 time location of points 1, 2 and 4
=




sasosssan S e e S sp gL L S -
i *
%" UG21, UGZz, UGZ4 gas velocity at points 1, 2 und 4
% A21, A22, A24 speed of sound at points 1, 2 and 4
i E PS121, PS122, ps124 gas press.re at points 1, 2 and 4
% - 1621, TG22, TG24 gas temperature at poinrt. 1, 2 and 4
- B RLI21, RHO22, RHO24 gas density at points 1, 2 awnd 4
. B $21, $22, S24 entropy at points 1, 2 and 4 .
§ FPL21, LPL22, EPL24 propellant volume fraction at points
g7 1, 2 and 4
£ AREA21, AREA22, AREA24 tube cross scctional area at
- ' points 1, 2 and 4
é - L21, L24 distance burned normal to the
L . propcllant surface at points
1 and 4
‘ "~ NSTART the value of the I index for the
I E Q wuve
§
*
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SUSROUTINES

- nae INTER
§§ Purpose: To calculate the characteristics and thermodynamic properties ‘
g at any interior point in the mesh
t_ Jnput: A3, X4, T3, T4, UG3, UG4, A3, A4, PSI3, PSI4, TG3, TGi, RHO3
% RiO4, UP3, UP4, S3, S4, LPL3, LPL4, AREA3, ARFA4, L3, L4
- Output: X6, T6, UGE, A6, PSIG, TGO, THOG, UP6, S6, EPLG, AREA6,
é“ Method: An iterative sheceme is used until convergence to within
il a given tolcrance is obtained. Normally, the converpence.
check is made on the calculated speed of sound and gas velocity.
%} However, for gas velocities below 300 ft/sec only the speed
%é of sound is checked. This procedure was neccssary because
th below 300 ft/sec the accuracy requirements on P and Q for
?% calculating gas velocity become cxcessive. At 300 ft/sec,
5: a one percent error in the speed of sound can be transleted
§§ into approsimate a 10 percent in the gas velocity. At higher
%2 gas velocities, the percentage tolerance on gas velocity and
. speed of sound are the same,
I
: Name: BREACH .
%2 Purpose: To calculate the characteristics and thernodynamic properties
B at the loc.uvion X=0
§ .. Input: X12, TII, 132, UGL1l, UGL12, All, Al2, PS111, PSI12, TGil, TGl12.
. Rii011, RHOL2, S11, &12, LPLLY, KPL12, ARLALl, AREAl2, L1},

upi2

LU

o




Gutput: T13, UG13, Al3, PSI13, TG13, RHC1s, S13, EPL13, L1}

¥

R

. tethod: An iterative scheme is used until convergence to within a

given tolerance is obtained.

RO
1

hame: BASLP

Purpose: To calculate the characteristics and thernodynamic propevd ies

at the base of the projectile and to locate the base of the

projcctile
Input: X21, X22, T21, T22, UG21, UG22, A21, A22, PSi2l, Psi2a,
TG22, RHO2Y, RHO22, S21, S22, EPL21, LPL22, AREA21, ARNA2Z,
L21, NSTART
|
i
.
L
? *
i
i
c 1
Pl

s ~

s s 3




Cutput:

L Method:

Name:

Purpose:

.

Input:

Output:

Name:
Purpose:

Input:

Name:

Purpose:

X24, 124, UG24, PS124, TC24, KHO24, $24, EPL74, AREA24, 174
An iterative scheme is used until convergence to within a given

tolerance is obtained

DIME (A, B, SURA, SURB, VOLA, VOL:)

To celeulate the average propellant grain surfuce area anl
volume

A, B corresponding to the distance burned normal to the surface
(L) at two points

SURA, SURB surface of gra.n at respective points

VOLA, VOLB volume of grain at respective points

The following equations arce used

Volume = 2% ( R~ R’;\L(k’\.-l\
(R ((R=R) + & (Re-AY)

Surface arca = 2w (% (QL-X)( (R~ Re) + ZT‘,(_Qu-'f))
+ (é = Es‘t)
QuUTPUT

To print the calculated results

Calculated velocities and theimodynamic properties at all

of the grid points .

Printed results includirg values of P and Q ot ewch grid joint

Format of printed results specificd in subroutine

DIAGO (LA, RUG, AA)
A diagonostic tool to print results calculated prior to G

failure to coaverge cvent

B leaset s T




Input:

=

Output:

lethod:

Nameg:

Purpose:

Input:
Output:

Method:

Name:

Purpose:

Input:

i Output:

Method:

LA indication of which subroutine failed LA=1 IKTER
LA-2 BASEP
LA=3 BREACH
BUG last calculated gas velocicy
AA last calculated speed of sound
Printed output up to and including current value of thermo-

dynamic variables

“ormat uscd is specified in the subroutine

RFORCE (A, B)

Calculates the engraving force or a function of distance

from initial projectile location

A, location of the base of the projectile

B, resistance force in 1bf

Resistance force tabulated or function of distance based wvpon
data from Report R-2066, "Study of the Pressure Distribution

Behind the M193 Projectile Yhen Fired in “he M16 Rifle Batrel"

PROP (A)

Calculates the CV, GAMMA, and RGAS as a fuaction of the
percentage deterred and non-deterred propellant buvned.
Subroutine is used only when distance burned normal to the
surface is greater than the dcterred thickness of (0084 £t
A distance burned normal to the propellant surfuce st a given
mesh point

Cv, GAMMA, RGAS

Calculation assumes the gas generated to be ideal and that

properties are based ujon mass fraction of components present

,

g

T aan van e e TR DR
et R e

539

o834 s D TR P

e
T o

R L

S T

AL ST

WA A ATk £ B



VR L U el o

I LR R S A s

i G

g

ARG T

l

¥

Hame:

Parpese:

Input:
Gutput :

Methold:

START

Calculates the thermodynamic properties along the first wave'
at specified intervals

Same as BREACH but here they refer to data along first Q wave
Same as BREACH but here they refer to data along first Q waye
The subroutine is called a specified number of time (i.c. ap
input parameter). Each time it calculates the thermedynen, ¢

properties along the first Q wave. The results are equally

spaced between the projectile initial location and the breeci.

The gas velocity and heat transfer along this wave are zcro
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SUGTFUNCTTON

Name:

Purpose:

Inpue:
Output:

Method:

TAREA (ALOC)

Calculates the tube cross sectional area as a function of
distance from the breech

ALOC location of the grid point

2

TAREA tube cross sectional in ft

Interpolates data from table which is supplied

< gaderian gebaT L w
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C THIS PROGRAM CALCULATES THE PRESSURE ¢ TEMPERATURE AND VELOCITY
l C TIME HISTURIES BASED UPON A GIVEN PRCPELLANT CHARACTERISTIC
C THIS IS THE MAIN PROGRAM

REAL LSeL69L39L4yL2]1,L24,L114L13

COVMMON/C/X(99,99) s TIME(9G959) o VEL(99999)455(99,99),PRESS(99,99),TE
$MP(99499) yDENS(99999) s VELP (99,99 ) 4ENTR(99999) ¢ VOLFRA(99,99) AL (99,
1799)

COMMON/CCML /X34 X4 e X6eT29ThyTO UG yUGH UGE A3 A4)A6,PSTI,PST4,PSI6,
$TG3,TG4yTG6H,RHO3, RHO4,RHC6|UP3OUP4'UPGQ'30S‘oSboEPL3oEPL4,EPL60‘RE
PA3AREALAREAL,LIoL4, LSy LS

COFNCN/CCM2/X12,T11,T12,7T13,UG11,UG124UG13,A11,A12,A134PS]11,PSIL2
$oPSI13,TGLl1+TG12+TGL3)RHCL1sRHOL29RHOL139S1298129S139EPLLLLEPLL2,EP
“L13,AREALL,AREAL2,AREALI3,L12,L13,UPL2

COMMON/CCM3/X21 9X229X249T21¢T229T24,UG21 ¢UG22,UG24,A21,A22,A24,4P31
$214PS122,PSI244T6G21,T7G22TG249RHC214RHO22/RH024,5219522,524,EPL21,
JEPL22+EPL249AREA21 s AREA220AREA24 9L 219L 24 NSTART

COMMON/SAME/RGAS+PSI1CAMMALDZERCPIELBEE,PODPOToCVoBASE)GZEROyNT,
>TOL AN

COMMOCN/STAR/KSTART

COMMON/QUY/PAXI o MAX ]

COVMMON/EXTIT/XLIM,TMUZE

COMMCN/BHEAT/FACT,THALLLFRICT

COVMMON/PARM/PARIN]L s PARIN2¢PARIN3 s PARBALyPARBA2sPARBA3 . PARBR 1y PARBR
$2,PARBR]

COMMON/PCWOER/CV]1+CV2+RGASL1oRGAS2+GAM] GAMZ,DLAY

NAMELIST/PAR/PARINLPARIN2,PARINILPARBALPARBAZ,PARBA3Z,PARBR]PARS
$SR2,PARBR3

NAMELIST/INPOT/BASE ¢yWT TCL o XLIMyPSIL,DZERO,T2ZERO) XZEROJFRACLoALLY
SFACT o TRALL o ANZFRICT o144

NAMELIST/PRCPEL/PPLPP2yCV]IoCV2)BEELIBEE2)RGASLyRGAS2,DLAYyGAM]1,GA
2

999 READI(S,INPCT)

READ(S5,PAR)
READ(S5,PROPEL)
WRITE(6,PROPEL)
KRITE(69INPCT)
WRITE(G¢PAR)

00 1 II=1,99
BO L1 JJ=1,96
SS(II,JJ)=0.0
CONTINUE
TMUZE=10C0,
POOPCT=PP]
Cv=Cvl
CAMMA=GANM]
BEE=BEE)
RGAS=RGAS1
P1E=3,141593
GZERC=32.,2
TATM=530,
IF(1.GT7.0)GC YO 20

C CALCULATICN CF FIRST TWC PCINTS

X{1s1)sXZERC

X(2¢1)20,0

TIME(Lly1)20.0
SS(Llyl)sSQURT(GAVMASRGAS®TZERD)
VOLFRA(1+1)=FRACIL

VEL(1,1)=0.C

VELP({1+1)20,.0

PRESS{Ly1)=PSI1
TEMP(1,1)=TZERO
OENS(191)2PSIL1/RGAS/TZERC
ENTR(1o1)2{RGAS/TT84¢CVI®ALOGI(TZERD/TATM ;=RGAS/TT8,¢ALOG(PSIL/2075

e e e A e s
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#e)
ENTR(L91)=ENTR{Ls1.>TT€4/RGAS/GANMA
AL(141)=ALL]
IF(ALLL1.GT.CLAY) BEEsBEE]L
IF(ALLL1.GT.CLAY) PODPOT=FP2
IF(ALLL.GT.CLAY)ICALL PROPIALLY)
KSTART=2J
D0 3 I=1,KSTARY
Ksl+]
X12sX{i,1}
T12=sTIME(I 1)
EPL123VOLFRA(I,1)
A122SS(1,1)
UG12=VEL(I,1)
UP12=VELP(1,41)
PSI112=PRESS(I,1)
TG12=TEMP(I,s1)
RHO12=DENS(1,1)
S12=ENTR(1,1}
Lil=AL(1,1)
CALL START
PRPS1=PSI13/144.
WRITE(6+45002)A134L134PRPSISTGL3,RFOL34S13,EPLL3,T1I
X(Ky1l)=X12
TIME(K,1)=T13
VOLFRA(K,1)=EPL13
SS{Ks1)=A13
VEL({K,1)=UG13
VELP(Ky1)=UGL3
PRESS(Ky1)=PSI13
TEMP(K¢1)=TG13
DENS(K,1)=RHOL13
ENTR(K,1)=513
AL(Ky1l)=L13
CONTINUE
NCHECK=0
JLAST=]
00 50 1=2,80
IFINCHECKsGTo0)JLASTsJLAST 4]
NCHECK=0
JA=JLAST+1
00 49 JJ=JQ,!
J=JJ
IF(JJ.EC.I) GO TO 55
XezX{I=144)
X3=X(1yJ-1)
T4=TIME(I=1,4J)
T3aTIME(IyJ~1)
UG4sVEL(T=]1,J)
UG3sVEL(IsJ=1)
A4=SS{I-1yJ)
A3=SS(1,4d-1)
PSI4=PRESS(I=14J)
PSI3=PRESS(I¢J-1)
YG4=TEMP(1=1,4J)
TG3=TEMP (L J=1)
RHC4=DENS(I~1,J)
RHC3=DENS(Iyi~1)
UP&4sVELP(I=1,yJ)
UP32VELP(IyJ=~1)
S4=ENTR(I=1,J)
S3=2ENTR(T¢J~-1)
EPL4=VCLFRA(I=14J)




EPL3=VOLFRA(I,J-1)
Léa=AL(I=1,yJ)
L3=AL(]44-1)
TOOL=(L3+L4)/2.
IF(TCOL.GT.CLAY) GO TO 1C
GO TO 14

10 BEE=BEE2
PODPCT=PP2
CALL PROP(TCOL)

14 AREA3=TAREA(X3)
AREA4=TAREA(X4)

£y
3}

WRITE(695003)X3¢X49T39T4sUG39UGL A3 sA&sPSI3oPSTI49TG3,TG49RHO3)RHOG

$sUPIoUPLEPLILEPLL¢LIyL4,AREAD,AREAS

CALL INTER
RGAS=RGAS1
BEE=BEE]
GAMMA=GAM]
Cvs=Cvl
PODPCT=PP]
PRPSI=PS16/144.

WRITE(6+5002)A65L63PRPST »TGO9RHOG9S69EPLE,TE9XE6,UGE,UPS

5002 FORMAT(1Xye11E11.3)
X{IsJ)=X6
TIME(I,J)=T6
VEL(1+J)=2UGS
PRESS(1,J)=PSI6
TEMP(1,J)=TG6
OENS(I,J)=RHOG
VELP(1,J)=UPS
ENTR(I,J)=S86
VOLFRA(IJ)=EPLS
SS{IyJ)=Ab
AL({I,J)=L6
IF(X3.LE.0.C) GO TO 40
IF(T6.GE.TMULE) GO TO 48
GO TC 49

55 L=JJ-1

NSTART=1~1
K=1
X21=X{(NSTART,L)
X22=X{K,L)
T21=TIME(NSTART,L)
T22=TIME(K,L)
UG21=VEL{(NSTART,L)
UG22sVEL(K,e L)
A21=SSINSTART,L)
A22=SS(KyL)
PSI21=PRESS(NSTART,L)
PS122=2PRESS (KoL)
TG21=sTEMPINSTART, L)
YG22sTEMP (KoL)
RHC21=DENS{NSTART,L}
RHC22sDENS( KoL)
S21=ENTR(NSTART,L)
$22=ENTRI(K,L)
EPL21=VOLFRAINSTART, L)
EPL22xVCLFRA(K,L)
L21=AL (NSTART,L])
IF(L21.GT<DLAY) BEE=BEE2
IF{L21.GToDLAY) PODPCTsPP2
IF{L21.GT.DLAY} CALL PROP(L2))
AREA21I=TAREA(X21)
AREA22=TAREA(X22)
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CALL BASEP Le
NSTART=I

POQOPOT=PP]

cv=Cvl

GAMMA=GAM]

BEE=BES1

RGAS=RGAS]
PRPSI=PS124/144.,
WRITE(6¢5001)A24,0L244PRPSI yTG24yRE02495249EPL249T244X249UG24
FORMAT(1X410E12,.3)
X(NSTART J)=X24
TIME(NSTART o J)=T24

VEL INSTART, J)=UG24
VELP(NSTART ,J)=UG24
SSINSTARY, J)=A24
PRESSINSTART,»J)=P5124
TEMP(NSTART ,J) =TG24
OENS(NSTART ,J)=RHO24
ENTR(NSTART J) =524
VOLFRA(NSTART S )=EPL24
ALINSTARTJ)=L24

GO TC 49

NCHECK=1

I1=1

X12=X(I14J)

T1i=T13

T12=TIME{1],J)

UG11=20.0

UGL2=VEL(TI,4J)

X.1=0.0

All=A13

A1¢=SS1{11,4)

PSI11=PSI13
PSI122PRESS(II4J)
TG11=TG13
TG12=TEMP(I],J)
RHC11i=RHC13
RHO12=DENS(11+J)

$11=S13

S12=ENTR(II,4J)
EPLL1=EPL13
EPL12=VCLFRA{II +4)
UP12=VELP(il+J)

L11=L13

IF{L11.G1.0LAY) BEE=BEEZ
IF{L11GT.DLAY) PODPOT=PP2
IF(L11.GT.OLAY) CALL PROP{LLY)
AREALLIsTAREA(XLL)
AREALZ=TAREA(X12)
CALL BREACH

RGAS=RGAS1

BEE=BEE]

CANMA=CANY
Cv=Cvl

POGPCT=PP1
PRPSI=PSI113/144.,
WPITE(695002)A13,L139PRPSI+TGL3,RFO13+S139EPLL3,T13,X13
L=1+1 '
K=J

AL(LsK)={ 13
TIME(L,K)=T13
SS{L,K)=A13
PRESS(L,K)=PSI13




ST e R

TEMP(L,K)=TG13
DENS (L oK) =RKQ13 ¢7
VEL‘L’K)‘OQO
VELP(L,K)=0.0
ENTR(L,K)=S13
X(L'K"OQO
VOLFRA!L,K)=EPL13
MAXJ=JJ
IF(T13.GE.TMUZE) GO TO 48
CONTINUE
MAXI=]
IF{T13.GE.TPUZE) GO TQ S¢
CONTINUE
CALL OUTPUT
MAKT=MAXI+1
00 S1 I=MAXJ,MAXI
WREITE(755003)X{1oMAXI) o TEME( I MAX I o VOLFRACT,MAXJ) 9SS (1o MAXS) o VELS

$ToMAXJI) o VELP(T o MAXJS) oPRESS{ToMAXJI)9DENS(IoMAXJI)9ENTRUToMAXI)oAL(T
#MAXJI) o TEMP( T9MAXJ)

5003 FORMAT(3E20.5)
51 CONTINUE

v
e n eean ymeA PERA

GO TOQ 999

NSTART=1

KSTART=J

JLAST=1

NCHECK=(

KK=J+l

D0 52 I=1,KK
READ(S5+5003)X(To1) o TIME(T91) e VOLFRA(T§1)oSS(TIo1)oVELUI 1)sVELP(],]
$)sPRESS{I o1 ),DENS{I 1) ENTR{I1)4ALETI 1) TEMP(Io1)

WRITE(6+5003)X (o 1) s TIME(T 1) o VOLFRA(TI 1) 4SS(Eo1)oVEL(Io1),VELP(],
#1),PRESSII 1) oDENSCTIoL)oENTRITo1)9AL(To1)oTEMP(IL])

52 CONTINUE

U

T13=TIME(KK,1)

A13=SS{KKyl)
PSI13=PRESS (KK,1)
TG13=TEMP(KK,y1)

RHC13=DENS(KK,1)
S13=ENTR(KKs1)

EPLL3=VCLFRA(KK,1)
L13=AL(KKyl)

GO TC 5

END

SUBROUTINE BASEP

C SUBROUTINE BASEP

REAL L54L6.L39L4:12190L244L11,L12

C THIS SUBROUTINE CALCULATES PCINTS AT THE BASE OF THE PROJECTILE

COMMON/COM3 /X211 :X224X24, 12197229 T249UG21,UG229UG249A214A229A244PSI
$219PS122,PS1249TG219TG229TC249RHC219RHO224RHO24952195224524,EPL2],
YEPL22+EPL24 AREA21¢AREA224AREA244L21+L249NSTART

COMMON/SAME /RGASyPSTL1oGAPMA(DZERCPIE+BEE)PODPOTyCVyBASEsGZERC)WT,y
>TOL AN

CFONMNAN S i 4 [ 3B ] T I
\-Ulqi' iy EXA ] llxt.l,r. [REA Y & W

COV¥MON/EHEAT/FACT+TWALLyFRICT

COMMON/PARM/PARINL o PARINZ. PARIN3 yPARBALyPARBA2,PARBA3PARBR] ¢ PARBR
$24PARBR3

DATA RHCP,REC,DELTT/341085404990.000005/
Al=SCGRT(GAMMABRGAS*530.)
XTRAV=(Xx21~0.125)%12,

WRITE(6+9500C)POOPOT oCVBEEIL219oXTRAV
ITRY=}

NSTART=NSTART+]

S PSI24=pSi2l
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EPL24=EPL2]

A24=A21

P2222,#A22/ (GAMMA-1,)¢LG22

RHC242RHC21

UG24=UG21

1G24=27G21

ABASE=BASE* (PS124+P5121)
SLOPEP=(UG22+4A22+¢UG24+¢424) /2,

CALL RFORCE(X21,R1)
C=X21~X22¢SLOPEP*T22
WORK={ABASE/24=R1)*GZERCAT21/WY
CsC-WORK*T21/2.,~-T21#%(UC21-W0RK)
B=UG21-WORK-SLOPEP

A= (ABASE/2.~R1)*GZERO/WT /2.
FORMAT(1Xyt 08002820 ,//,1X5E2065)
T24={-B-SQRT(B*B~4,*A%C) 1/2.,/A
X24=xX22+SLOPEP*(T124~T22)
IF{X24.GEoXLIM) GO TO 75
AREA24=TAREA(X24)
AREA=(AREL24¢AREA21)/2.
UGMN=(UG21+0LG24)72.
PSIMN=(PSI24¢PSI21)/2.
BR=BEES((PSINN/144,.)*8AN)/12,

DPDX=0.0

DL=BR*(T24~T21)

L24=L2]1+DL
IF({L24.67.0.000625)L2420,000625

CALL DIME(L214L24,5URF21,SURF24,VCL21,VOL24)
IF(VOL214LE.0,Q00)SURF21=C.00
IF{VOL24.LE.Q.00)SURF24=0.0C
DBAR=*DZERO~-L24~i 2]
IF(DBAR.LEL0.000652)084R=0,00
DBAR=DBAR*%*3

FOR24=~PIE*CBARSDPDX/64
EPLMN=(EPL21+EPL24) /2,
VOLMN=(VOL21+V0L24) /2,
SURFMN=(SURF21+SURF241}/2.
IF(VOLMNJLELCL00) GC TC 12
ETAMN=EPLMN/VOLMN

60 TG 13

ETAMN=Q,00

CONTINUE
AMGMAN=ETAMNASURFMN*BR2RHCP#AREA
DUPDX=(UG24-UG21)/(X24-X21)
DEPLOCT=EPL21%(1.-EPL21 )% (RFC24~RFC21)/RHU21-(EPL21¢(1.~EPL2]1)#RHO2
FL/RHOP Y *AMGMN®({ T24~T21)/RHC21/AREA
DEPLDT=DEPLLT/(T24~T21)

CONTINUE

FD24sEPLEN*FOR24/VOLMN

RHOMN= (RHO24+RHO21) /2.
TGMN=(TG24¢1G21)/2.
DIA=SQRT (4. 3AREA/PIE)

AMN=(A22+A24) /2.

TAWR=TGMN® (1 o ¢RECH*(GAMMA= 1, )PUGMNBLCMN/24 /AMN/AMN)
QHEAT120,00298%(CVe20,333)*RHCMNSUGMN
QHEATaCHEATI®(TGMN~TWALL)
EGASa-QHEATSPIE*DIA+AMCHARPCOPOT#GZERD
TAUW=0. 0005 *RHOMNSUGMNRUCMM

Fl= UGMN*AMGMN- TAUWSPIE®CIA ¢FD24SAREA
FL=F1/178.

RS1sAMGMN® (CYV*TGMNEUGPFNBUGMN/15564 )¢+ {AREASCEPLDT
SEAMGMN/RHOMNYSPSIMN/ T8,

OSOT=AMGMN® (PODPOTHGZERC~({CVIRGAS/TT8 JSTGMN) +(TAUWSUGMN/TT78, -

bf




50

200

75
300

1G
15

20

HQHEAT)Y*PIESCIACFD24%UGVNS*AREA/TT78.~PSIMNSAREA®DEPLDY /778,
DSOTsDSOT/AREA/RHOMN/TEMN/ (1 .~EPLMN)
AREA=({AREA24+AREA22)/2.
DELPOT=~AMNSUGHMN* ( AREAZ24-AREA22)/(X24~X22) /AREA
DELPDT=DELPLCT+TT8.#AMNSDSDT/RGAS
WORK={ TAUWSPIESXDIA/AREA=- AMK*RHOMNSDEPLDT ¢FO24¢UGMN*AMGMN/AREA ) /RHO

+MN/ {1l =EPLMN)

WORK=WORK={ AMNS %3 ) S AMGFN/AREA/ (1 +~EPLMN) /PSIMN/GAMMA
DELPOT=DELPLT=WORK
P24=P22+DELPDTXR(T24-T22)
ANEW24=(P24=-UG24 )3 (GAMBA-1,.)/2.
TG24={ ANEW24%ANEW24)/GAMPA/RGAS
$24=S214DSCT®(T24~-T21 %7784 /RGAS/GAMMA
EPL24=EPL2L+DEPLDT*(T24~-T21)
IF{EPL24.LE.0.00)EPL24=0.0
WORK= 2,*GAMMA/{(GAMMA=-1,)
TG243{ ANEW24®ANEN24) /GAMNA/RGAS
PSI24=PSI21*%( (ANEW24/2821)#%W0ORK)
PSI24=sPSI24%EXP(~=GAMMAS(S24-521))
RHO24=PS124 /RGAS/TG24
ABASE=BASE* (PSI24+4PS121)
WORK={ABASE/2.-R1)*GZERO/NT
UGNE24=UG21 +NORK*(T24-T21)
CHECK=ABS( {ANEW24=A24)/A24)
IF(CHECK.GTLTOL) GO YO SO
IF{UG24.1LE.0.,00) GO TO S5¢
CHECK=ABS{ {UGNE24-UG24)/1624)
IF(CHECK.GT.TOL) GO TO 5C
WRITE(6,5000)QHEAT2,QHEATL »QHEAT » EGAS,RS1
XTRAV=(X24-0.125)%12.
DEL=AMGMNZ { PODPOT*GZERC~CVSTGMN)
WRITE(6,4500C)L.24,0EPLDT,CSCToAMGMN,DEL 9 XTRAY
RE TURN
ITRY=ITRY+1
IF{ITRY.LTL.1I1) GO TO 2C0
LOC=2
CALL DIAGO(LOC,UGNE24yANEWZ24)
UG24a2UGNE24
A24=ANEW24
GO 10 10
X24=XL]IM
FORMAT(1X45E2045)
T24sT22+¢({X24=%X22)/SLOPEP
TMUZE=T24
60 10 11
END
SUBROUTINE RFORCE(A,B)
DIMENSICN XX{(20)4RF{20)
DATA XX/0009Ce033390.041690.045990.066+0.100,041333,0,
2166640¢2009062333,06266€690¢3009006233906500000666691.0051:333,1.50,
$1.66640.C/

CATA RF/0e€9152001525095200942069255002156919%5¢91834¢17
>0. '162.,153.g %50'113. '95. '52.'18..?03'3.0’003/
Asa~041249

PO 10 I=1,16

IFLALEQL%XX{1)) GO ¥C 15
IF(AGToXX{ ) oANDoAeLToXX(I+1)) GC TO 20
CONTINLUE

8=RF (1)

b3B/2.

A=Ae0,1249

RETURN
SLCPE={RF(I*1L)=RF(I))/(XX(+1)=XX(]))




%% C=RF(1)=~SLOPESXX ()

B=SLOPESA+C 70
B=B/2.

p A3A+0.1249

i RETURN
END

SUBROUTINE BREACH
iCSUBROUTlNE BREACH
. C THIS SUBROUTINE CALCULATES ThE POINTS LOCATED ON THE BREECH
REAL LS59L6¢0L39L4el21,024,0111,L)3
o COMMON/CCOM2/X1247T11,7T12,7T13,UG11,UG12,UG13,A110A12,A13,PSTI11,PSIL2
i, $,PSI13,TGLl1+TG12sTGL3,RHCL1,RHOL2yRHOL139S11,S12,S13,EPL1L,EPLL12,EP
"L13,AREALL, AREAL2,AREAL13,L11,L13,LP12
COMMCN/SAME /RGASsPSI1sGArPMA,D2ZERCPIE,BEE,PODPOT,CVyBASE9GZEROWT
>TCL+AN
COMMON/EXIT/XLEM,TMUZE
COMMON/PARM/PARIN], PARINZ,PARIN3'PARBAlnPlRBAZoPARBA3'PARBR1 PARBR
$2,PARBR3
Al=SQRT(GAMMASRGAS*530,)
ITRY=1
CONST=~0,58778E+03
TWALL=530,
UG13=0.0
P Al3sAll
i RHOP=3,1085
e AREA=AREALL
Q12=22,%A12/(GAMMA=~]1,.)
; PSI13=PSI11
Vi EPL13=EPLLL
30 SLOPEQ=(-A13+UG12~-A12)/2,
T13==X12/SLCPEQ+T12
IF(T13.GE.TMUZE) T13=TMUZE
PSIMN=(PSI13+PSIN1)/2.
BR13=BEE*((PSIMN/L44)W%AN)/12
OL13=BR13%(T13-~T11)
L13=L11+0L13
IF(L13.67.0.000625)113=0.000625
CALL DIME(LYIY L13,SURF11,SURFL13,VCLLL,VOL13)
IF(VOL114LECO04Q0)SURF1.=0,00
IF{VOL13.LE.0.00)SURF13=(,(00
EPLMN=(EPL13+EPLLL1) /2.
VOLMN=:YyCL13+VO0OL11) /2.
IF(VOL#YNeLE.0+00) GO TC 31
ETAMN=EPLMN/VOLMN
GO TO 32
31 ETAMN=0,00
32 CONTINUE
AMGMNSETAMMSBRII®RHOPSLAREA
AMGMN=AMGMN®{ SURF13+SURFl11)/72.
DEPLOT=~AMGMN/AREA/RHOF-EPLMN®UPL12/X12
300 FORMAT(1X,5E20.5)
TG13=A13%A13/GAMMA/RGAS
TOMRNE{TC13+7611i7¢2.
RHC13=PSI13/RGAS/TG13
RHCMN= (RHO13+RHCOLL) /2,
DIA=SQRT (4. *AREA/PIE)
FILMa3,24%EXP(CCNST#TL2)8DIA/2./7X12
QHEAT=FILM* (TG13~-THALL)
QHEAT=QHEAT*PARBR]
EGASm=QHEATHPIE®DIA+PCOLPLTHAMGMN®GZERD
RSI’AHG”N*(CV‘TGHNOPSIPNI778.IﬂH0'N’OPSlﬂN‘AREA‘OEPLOT/77Qo
WORK=AREA®{ Lo ~EPLMNISRIFOKN*TGMN
0SOT=sAMGMN® (PODPOTS®GZERC~(CVORGAS/ 778, )STGMN) =QHEATSPIESDIA =~
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SPSIMN®AREA*CEPLOT/T778.
DSOT=DSOT/wORK
IF(T13.GT.PARBR2) GO TC 200
150 CONTINUE
DELQDT=((AL1L1+A13)/2.)%{T778.%0SDT /RGAS+DEPLDT/(1+=-EPLMN))

OELQOT=DELQLT+( (A11/264A13/2,)%%3 )2 AMGMN/AREA/PSINMN/(1o~EPLMN)/GAM
SMA

Ql3s Ql2+DELQDT*(T13-T12)

P13=Q13

ANEwl3=(GAMMA~-L1.)%(Ql3/2,
TG13=ANEWLISANEWL3/GAMMA/RGAS
S13=D0SOT#(T13-T11)#778./RGAS/GAMMA+S]L]
PST133PSIL1#((ANEWL3/A1L)18%{2,%GAPMA/(GAMMA-1,)]})
PSI13=PSI1I3%EXP (~GAMMA®(S13-~S11))
RHC13=PSI13/RGAS/TG13
EPLLI=EPLLL1+DEPLOT*(T13~T11)
IF(EPL13.LE.Q.Q0)EPLL13=0.0
CHECK=ABS(({ANEW13~A13)/A13)

Al13=ANEW13

IF(T13.GE+TMUZEIRETURN
IF(CHECK.GT.TOL) GO TO 180

RETURN

180 ITRY=[TRY*]

IF(ITRY.LT,11) GO TO 30

L0C=3

CALL DIAGO(L3ICsUGL3,A13)

RETURN

200 WRITE(6,300)L11+L13,VCL11yVOL13ySURFLL19ySURF139EPLMN)ETAMNyAMGMN,CE

#PLOT,QHEATEGAS+DSOTAREA

GO 70 150

END

SUBROUTINE CIAGO(LA,BUC,2A)

C THIS IS A DIAGAMNOSTIC SUBRCUTINE

REAL L59sL6gL34L4yL2]1,0L24,0L11,L13
COMMON/C/X(99499) 9y TIME(9G5999),VEL(99999)955(95,99) PRESS(99,99),TE
$MP(99,99) ¢ DENS(99999) s VELP (99,99 ) +ENTR(99,59) y VOLFRA(99,99) ,AL(99,
799)

COMMON/COML /X390 X49X69T34T4,TE,UGIJUGL,UGE)AI AL A6PSI3,PST4,PSIG,y
$TG3,TG4, TGO JRHOIJRHOGyRHTS sUPIgUP 4o UPE9S39S49SEIEPLIJEPLALEPLGJARE
DA3,ARCA4AREAG69LILLL,L5,L6
COMMON/CCM2/X125T11,7T12,T13,UG11,LG12,UGL3,AL1,A22,A13,PS]11,PSIL2
$9PSI13,TG11,TG12,TG13,RHC11,RHO12yRHO139S119S129S13,EPLLLEPLL2EP
" 13,AREALL,AREAL12,AREAL12,L11,L13,0LP12

COMM'IN/CCM3/X21 9X22¢X249T219T224T249UG219UG22sUG249A219A229024,PSI
$214PSI1224PS1244TG21,TG22+TG244RHC219RH022,RH02495219522,524,EPL21Y,
YEPL22+EPL24)AREAZL JAREA229AREAZLH ¢ L21 9L 244 NSTARY

COMMON/SAME/RGASyPSI19CAMMA,OZERCPIE,BEE,PODPOTCVyBASEGZERD KT,
>TOL,AN

COMMON/CUT/PAXI ¢ MAXT
GO TO (1CGs11412)¢LA

10 WRITE(6,100)

100 FORMAT(1H1,'EXCEEDED ITERATION LIMIT IN SUBROUTINE INTER?')
68 TC 15

11 WRITE164+101)

101 FORMAT(1H1,'EXCEEDED 1 ERATION LIMIT IN SUBROUTINE BASE')
GO TC 15

12 WRITE(6,102)

102 FORMAT(1H1,*EXCEEDED ITERATION LIMIT IN SUSROUTINE BREACH®)

15 WRITE(6+110)BUG,AA

110 FORMAT(1HO, *LAST CALCULATEL GAS VELOCITY®*yE12439//2Xe*LAST CALCULA
STED SPEED OF SOUND'.E12.3)

105 FORMAT(1X9s1391X9139E126e39¢2X9ELl26392X9E120392X9EL20392X9EL124392X9EL
"2.392X9E120392X9F5.3)
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00 20 I=1,MAXI

00 20 J=1,95 72
IF(SStI+d)eEQ.0.0) GO 10 20
WRITE(69105) 9 oXT o) o TIME(T ¢ J) s VEL T 9J)9SS(I0J)oPRESSEIoJ) s TEMPS
$14J)9DENS(I+J)y VOLFRACL,J)
20 CONTINUE
STOP
L . END
{ C SUBROUTINE QUTPLY
] C THIS SUBROUTINE PRINTS RESLLTS
a SUBRUUTINE CUTPUT
‘o COMMON/C/X(99999) ¢ TIME(95,99) s VEL (99999)955(99499) ¢ PRESS199,99), TE
MP(99499) ¢DENS(99999) y VELP (99999 ) sENTR(99,99) » VOLFRA(99999),AL (99,
299)
COMMON/SAME /RGAS¢PSI114GAFMALDZERC 4P LE(BEE,PODPOT,CVyBASE,GZEROyWT,
>YCL s AN
g COMMON/CUT/MAXJ 9 MAX T
X WRITE(6,100)
100 FORMAT(1H1,'ssss8s SOLUTICN TO GAS FLOW IN TUBE *ssssssss?)
. WRITE(69104)
it 104 FORMAT(1MO, *FLOW PARAMETERS®//3X " 1%93Xe¥J? 93Xy 'POSITION® 48X, TIM
i DEY 39X 'VELOCITY® 43Xy *SPEED OF SOUND"®,3Xy 'PRESS 93Xy *TEMP?,3X, 'DENS
SITY*,3Xe *FRACTICN®)
. 105 FORMATUIXeT1391X9039E12e392X9E120392X9EL126292X9E126392X9EL20392X9E]L
. '2.3'2X0512.3¢2X.F6.3)
MAXIT=MAXT+]
00 20 I=1,MAXI1
00 20 J=1,95
IF(SStI+J)eEQe0.,0) GO TO 20
i PRPSI=PRESS(1¢J) /144,
: WRITE(69105)T ¢ JoX(Ts3) o TIME(T o J) oVEL(T9J)9SSEIJ)oPRPSIZTEMP(L,J),
SDENS(I,J) o VCLFRA(I,J)
20 CONTINUE
WRITE(64110)
00 30 I=1,MAXII
: 3 00 30 J=1,95
b} IF(1.NEsJ3 GO TO 30
AN XTRAV=(X({I¢4J)=~0e125)%12,
PRPSI=PRESS(I J) /144,
~ WRITECOsL11 )T 0 doXCT o) s TIME(LoJ) yXTRAVPRPSIZVEL(L9J)
‘ 30 CONTINUE
110 FORMAT(1H1,20X, *PRCJECTILE CATAY 3 //3X, 19 ,3Xs%J%,3X, 'POSITION',8X,
S'TIMEY 9%y " TRAVEL®»8X, *PRESSURE® 38X, *VELUCITY?)
111 FORMAT(IX 9139 1X9eI39vEL12e392X9EL26392X9F12e292X9F12092X,F12.0)
RETURN
END
SUBRCUTINE PROP(A)
C SUBROUTINE FCR CALCULATING PROPERTIES AS A FUNCTION OF
C FRACTION OF DETERRED AND NCNCETERREC
CgNMO:/SAHEIRGAS’PSIloGArHA.DZERC.PIEoBEE,PDDPOT'LV.BASE.GZERO'NTo
>TOL,A
COMMON/PCWOER/CVLoCV2,RGAS1,RGAS2,GAMY,GAM2,DLAY
A-A*IZ.
AMND=2,0175E=07%(A~0LAY®$12.:7(0.0C75-0LAY*12.)
AMT26,815E~08+AMND
AMEND=AMND/ ANMT
CVaCV1*({1.~AMFND) *CV2#AMFNC
RGAS=RGAS1®(1.=AMFND) ¢+RGAS2SAMFNC
G-MMA=1,¢RGAS/CV/T78,
A=A/12
RETURN
END
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JUDARUUVIINE DIARIY

C SUBROUTINE STARTY

30

#A

180

REAL LSyL6,L34L4sL210L24,4L11,L13

COPMON/CCM2/X12,T11,T12,713,UGL11,LG12,UG134A11+A12,A13,PSI11,PSI12
#oePSI13,TG119TGL2yTGL3,RHCL19RHOL29RHOL39S1195129S149EPLLL,EPLL24EP
$L139AREALL,AREALI2,AREAL3, L11,L13,UP12

COMMON/SAME/RGASyPSI1¢GAPMA,DZERC+PIEBEE) PODPCTCVyBASE¢LIERQyWT,
#TO0L AN

COMMON/STAR/KSTART

AK=KSTART

ITRY=1

UGl13=Q.0

Al3=A12

DEL X=-0,125/AK

PSIL3=PSI12

RHOP=3,1085

X13=X12+DELX

AREAL2=TAREA(X12)

AREAL3=TAREA(X13)

AREA=(AREALl 3¢AREAL2)/2.

Q12=2,%A12/ (GAMMA~1,)

EPL13=EPLL2

SLOPEQ=~(Al3¢A12)/2,

PSIMN=(PSI12+PSIL13)/2,
T13=T12+(X13-X12)/SLOPEQ
BR13=BEE*((PSINN/144,.)%¢AN)/12.
DL13=BR13#%(713-T12)

L13=L11+0L13

CALL OIME(L11,L13+SURF12,SURF13,VCL124VOL13)
EPLMN=(EPL13¢EPL12)/2,

VOLMN={VOL13+¢V0OL12)/2,

ETAMNSEPLMN/VOLMN

AMGMN=ETAMNSBRL 3I*RHOP*AREA*(SURF13+¢SURF12) /2.
DEPLDT=-AMGMN/AREA/RHCF
TG13=A13%A13/GAMMA/RGAS

TGMN=(TG13+4T1G12)/2.

RHC13=PSI13/RGAS/TG13

RHCMN= (RHO13+RH0O12) /2.
EGAS=POCPOT*AMGMNSGZERC
RSIZAMOMN®{CYATGMN+PSINMN/TT8./RHCHUN) +PSIMNSAREASDEPLDTY /778,
WORK=AREA®*(1.~EPLMN}*RHOMNSTGMN
DSOT=(EGAS-RS1)/WORK
DELQDT={{A124A13)/2.,)%(T78,50DSDT/RGAS*DEPLLT/(1.~EPLMN))
DELQOT=DELQCT+(((AL124A13)/2,)%%3 )SANGMN/AREA/PSIMN/(1=EPLMN)/GAMM

Q13=Q124 ELCOT*(T13~-T1Q)

P13=Q13

ANEW13=(GAMMA-1,)*Ql3/2.
YGL3=ANEWLISANEWLI2/GAMPA/RGAS
S13=S12¢CSOT#778.%(T13-T12)/RGAS/GAMMA
PSI13=PST128((ANEWL3/A12)8#(2,%GAPMA/(GAMMA=1,}))
PSIL13=PSTLIASEXP(-GAMMAS(S]13~-S12))
RHO13=PSI13/RGAS/TG13
EPLLI=EPLLI2PDEPLDT*(TL13~-T12)
CHECK=ABS{ { ANEW13-A13)/A13)

Al3=ANEW13

IF(CHECK.GT,TOL) GO TO 180

X12=x13

RETURN

ITRY=]TRY+]

IF(ITRY.LTS11) GO TO 3C

LOC=3

CALL OIAGO(LCC,oUGL34AL23)
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i END T4
FUNCTION TAREA(ALOC)
;; C THIS IS A SUB PROGRAM TC CALCULATE THE BORE CROSS SECTIONAL AREA
i DIMENSION BCRE(11),P0S(11)
i DATA  BORE/0.024900,040245190.0277140,0274650.02514,0,01864,0.018
26490.01824,0.01824,0.01824,0,01824/
DATA P0S/=010+0¢090602792,04103240.107840.1135,0.1300,1.542,
$3.0¢15.0415,0/
0O 10 I=1,11
IF(PGS{I)eEC.ALOC) GO TO 5
IF(POS(1)+GT4ALOC) GO YO 7
GO TC 10
5 TAREA=3,141593#%BORE(I)®BCRE(1)%0,25
25 60 70 15
t i 7 AM=(BORE(I-1)-BORE(I))/(POS{I=1)~POS(I))
: B=BORE(1)
o DD=B+AM* (ALCC-POS(I))
i TAREA=3,141593%00400/4.
G0 TO 15
CONTINUE
RETURN
ENG
, SUBRCUTINE CIME(A+BySURA,SURByVOLA,VOLB)
. CSUBROUTINE DINME
:. C THIS IS A SUBROULTINE TO CALCLLATE PRCPELLANT  SURFACE
C AREA AND VOLUME
DATA PIE,RBAR,R1/3,141%593,0,00095,0,0006249/ :
WORK=RI~-A §
WORK1=RBAR=RI
VOLA=2,*PIE*WORKL*WORK 1% WORK+PTE#P I ESWORKSWORK® (WCRK1 ¢
>4, *WORK/34/PIE)
SURA=2 #PTE*(PIE*WORK® (WCRK142.*hCRK/PIE ) +WORK 1#WORK1)
WORK=R[~8 i
VOLB=2.#P1E*WORK1SWORK 1# kORK+PTE#PIE*WORK*WORK® (WORK1 +
Lo 4. %WORK/34/PIE) :
g SURB=2.*PTE#(PIE*WORK® (WCRK1 42, *WCRK/P IE) +WORK 1#WCRK 1)
: RETURN
‘ END
SUBROUTINE INTER
¢ SUBRCUTINE INTER
C THIS SUBROUTINE CALCULATES INTERIOR NETWORK POINTS
c
c
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REAL LS5yL69L39L4eL210L244L11,0L13

COMMON/CCML/X3 3 X4 X69T29TheTOHIUG29UGL)UGOL9A39AL A6,PSI3yPST4,PSIG,
$TG347G4 ¢ TGO ,RHO3yRHOGy RHCOH)UPIyUP Ly UPE9S39S49SE,EPLILEPLALEPLOJARE
PA3LAREA4AREAL, LI LAoLE4LE

COMMON/SAME/RGAS 9 PSTIL oGAFMAGDZERC yPIEGBEEPOCPUT CVyBASEIGZERD T,
: >T0L AN

COVMMON/EXIT/XLIM,TMUZE

COMMON/BHEAT/FACT,TWALL,,FRICT
CO”"ON/P‘R"/F‘R‘N‘OPAalNZOP‘Rl"a'P‘RHAI'PARB‘Z'PARBABOP‘RSR10PAR8R
: $2+PARBR3

; DATA ‘HU,REC,RHOP/I004455'06000993o1085/

FuG=1.,0

A12SQRT(GAMPARRGAS*530,)

1TRY=1

UG6=(UG3+UG4) /2,

Ab=(A3+A4) 12,

T66=(TG3+47G4) /2,

RHO6= (RHCA+RKO4) /2.

PS16={PSI3+PSIN)/2.
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ig P332,%A3/(GAMMA-1, ) +UG2

. Qb=2,%A4/(GAMMA~1.)~UG4
EPLE=(EPL3+EPLA) /2.

g' AREA= (AREA3+AREAL) /2.

H S6=(S53¢54)/2.

C CALCULATYION OF THE LOCATION CF VTHE NENWN POINT ON X=T DIAGRAM
30 SLOPEP=(UG3I+A3+UGH+AL) /2.
SLOPEQ=(UG4~-A4+UG6~Ab) /2.
T6=(X4-X34+T3»SLOPEP-T43*SLOPEQ)/(SLOPEP-SLOPEQ)
IF(T6.GE.TMLZE) GO TO 25¢C
X6=X3+SLCPEP*(T6~T3)
31 AREA6=TAREA(XS)
WORK=X4~-X3
IF(T4.,EC.T3) GO TO 32
TT=X6=-X3+TIMHORK/ (T4~-T3)-T63UGS
TT=17/(WCRK/(T4~-T3)~UGE)
GO TC 33
32 T7=73
g 33 CONTINUE
XT72X6-UG6*( T6~-T7)
o IF(T4,EQ.T3) GO T0O 34
- . T52X6-X3+T3SNORK/(T4=T3)-T6*UPH
T5=TS5/(WORK/({ T4-T3)-UPE)
GO ¥0 35
34 T5=T3
35 CONTINUE
X53X6-UP6*(T6~-T5)
IF(X5LT6e0s0) X5=X3
WORKL=(XT7=X3) /WORK
UGTsUG3+(UG4-UG3 ) *WORK]
AT=A3+(A4~A3)*WCRK]
ST7=S3+(S4~53)*WORK1
TGT=AT¢AT/(GAMMASRGAS)
WORK2=2,3GAMMA/ (GAMMA=-1, )
PSIT=PSI3*( (AT/A3)%#W0ORK2)
PS17=PSITHEXP(~-CAMMAS(ST~S3))
RHOT7=PSIT/RGAS/TGY
WORK1={X5-X3} /WORK
UGS5=UG3+ (UG4-UG3 ) *WCRK1
UPS=UP3+(UP4~UP3)*WORK]
AS=A34+(A4-A3)*NORK]
$5=S3+({S4~$3) *WORK]
TG5=A5%A5/ (GAMMARRGAS )
PSI5=PS13%( (A5/A3) *%K0RK2)
PSIS=PSIS*EXP (~GAMMA®(£5-83))
RHC5=PSI5/RGAS/ TGS
EPLS=EPLI+(EPLA-EPLI)*NCRK]
IF(EPLSLECO0)EPLY=0,0
LS5=L3¢+(Lé4~L3)#d0RK]
UMN=(UG6+UGT) /2,
UGMN=UMN
AMNx(A&+AT) /2,
TGMN=(TG6+TGT)/ 2
RHOMN= (RHO6+RHOT) /2.
PSIMN=(PSI6+PSIT) /2,
UPS6=(UPS+UPEY /2.
RELVS=ABS(UGS5=UPS)
] RELV6=ABS (UGH=UPS)
ﬁ RELVS56=(RELVS+RELVGE) /2,
PEESO=(PSIS+PSI6) /2.
BR563BEE*( (PEES6/144.)2%AN)/12,
3 IF RELV564GTe500.) BRS5E=RR56%(104Ce0004%(RELV56~500.))
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DL56=BR56*( T6-T5)

Lo=L5+DL56
IF(L5.07.0.C006251L5=0,0C0625
IF(L6.GT.0.000625)L6=0,000625
CALL DIME(LS¢LO6¢SURFSSURFE&yVOLS,,VOLG)
IF(VOLS5.LE. Q.00 )SURF520,CO
IF(VOL6.LE.C.00)SURF6=C,00
EPLS6s (EPLOAEPLS) /2.
DBAR=DZERO~-LS5~L6
IF(DBAR.LT.0.,000652)0B4R=0,00
REYS6=RELVS 6*DBAR/AMY
REYS6=REYS56#(RHO5+RH06)/ 2.
IF{REYS56.LE.0.,000) GO 10 98
CORAG=284/(REYS56#%(0,85) 140,48
GO TQ 99

CORAG=0.0

GO 10 99

C CALCULATION CF VELOCITY ANC FRESSURE GRACIENTS

99

100

125

IF(T3.GT,T4) GO TO 100

T8=T4

X8={UG3+A3)*(TB~T3)+X3
PSIB=PSI3+(PS16=-PSI3)®(XB~XI)/( €=X3)
UP8=UP3+(UP6H~UP3 ) *(X8B~X3)/ (X6~X3)
0PDX=0.00

DUPDX=(UP4L-LPB)/(X&~X8)

GO TC 125

T8=13

X8 (UG4=A4)#(TB~T4) ¢X4&
PSIB=PSI4¢(PSTI6-PSI4)#(X4=XB)/(X4=XE)
UP8=UP4+ (UP6=UP4L)*(X4=XB)/ (X&=X6)
0POX=0,.,00

OUPDX=({UPB=LP3)/(XB~X3)

CONTINUE

C DRAG FORCE ON PROPELLANT PARTICLE

1125
1126

FOR56=CORAG*{RHCS+RHOb )*RELVS6PRELVSE
“FORS63FCR56%0BAR*DBAR/ 16,
FORS56=FORS6-DPOX*(DBAR®%3) /6,
FORSE=FCRS6#PIE
[FIVOL5eLE«Cs00,ANDVCL6.LEL0,00)G0 TO 1125
ETA56=2.%EPL56/(VOL5+VCLS)

60 TO 1126

ETAS56=0.00

CONTINUE

FD56=ETAS6*FOR56

C MASS OF GAS GENERATED GOINC FRCM 5 TC 6

AMGS56=ETAS6%BRE6SRHOP*AREA
AMGS56=AVMG56* (SURFS5S+SURF6)/2.
AMG563AMGS63FUG

C CHANGE IN PARTICLE VELGCITY ANC MASS FRACTYION

126
127

[F(EPLSb.LELO. ,000) GC TC 126

DUPDT =UPS6PAMGS56/RHOP/AREA/EPLSE

OUPD T=DUPDT+FD56/RHOP/EPLS5S

GO0 10 127

o0uPDT=0.00

CONTINUE

DEPLDT=~EPLS56%0UPDT/UPSS

DEPLOT=DEPLLCT~AMG56/RHCP/AREA

DIA=SQRT (4. *AREA/PIE)

FILM=FRICT®GAMMASRGASSRHCMNHUGMN/ 2,/ (GAMMA~L.) /778,

TAWsYGMN# (] c+REC*(GAMMA=14 ) *UGMNSUGMN/ 2+ /AMN/AMN)
CHEAT=FILVMS(TAN-TWALL)

QHEATSQHEAT#FACT

EGASS=QHEAT*PIESDIA-FDS6PAREASRELV56/TT8.
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TAUNS0,S*FRICTHRHOMNS®UGNMNSUGMN

Fl= UGMNSAMGSO6+TAUNSPIESLIA+FD56%AREA

Fl=Fl1/778,

RS1=AMGS6#{ CVRTGMN+UGMARUGMN/15564) ¢PSIMNSAREASDEPLDT/ 778,
RS1=RSLI+PSIMNEAMGS6/RHCMN/TT8,

WORK=AREA®({ 1., -EPL56 ) *RHCFNSTGMN

DSDT=ANGS6% (PODPOTSGZERO~(CVORGAS/T778. )*TGMN) *+FLS6*AREA® (UGMN=-RELY

#56)/7784 +(TAUNSUGMN/TT8.~CHEAT)SPIE*DIA ~PSIMNSAREA®DEPLDT/ 778,
DSOT=DSOT/WCRK

IF(T6.,GE.PARIN1) GO TO 201

128 CONTINUE
C CALCULATE THE CHANGE IN P ANC €

5303

UG36=(UG3+UG6) /2.
RHO36=(RHOI+RHOG) /2,
PSI36=(PS13+49516)/2.
AREA=(AREA3+AREAS) /2.
A36=(A3+A6) /2.
EPL36=(EPLI+EPLG) /2.
TRY=A36%A368TT8.,%(S6~83)/(X6=-X3)/CAMMA/RGAS
CELPDT=~A363UG36% (AREA3-AREAG)/ ( X3=X6)/AREA
DELPDT=DELPCT+A36*T778,%0SOT/RGAS
WORK=TAUWSPIE®DIA/AREA/(1.-EPL36)/RKO36
WORK=WCRK#FC56/RH036/(1.-EPL36G)
DELPCT=DELPCT-WORK
DELPODTY=DELPCT+A36SDEPLLT/(1.~EPL36)+((A36%%3)/PSI36/GAMMA-UG36/RHO
>36)%AMG56/AREA/ (1.~-EPL26)
DELPCT=DELPCT+TRY
PSI146=(PS14+PSI6)/2.
EPL4G6=(EPL4+EPLG) /2,
ALb=(A4L+AL) /24
UG46=(UGAH+UGE)Y /2.
RHO46=(RHO4+RHOE) /2.
AREA={AREA4+AREAG) /2.
TRYZALOESALEPTTB#(S6~54)/(X6=X4) /CAMMA/RGAS
DELQDT=~A&62UGAO* (AREA4-AREAS)/ (X4=X6)/ARE?
CELQOT=DELQUY+A462778.*CSCT/RGAS
WORK={ TAUNS®PIESDIA/AREA+FD56) /(1 .~EPL&6)/RHO46
DELQCT=DELQCY+WORK+A4L2DEPLLT/ (1 .-EPL4S)
DELQDT=DELQLT+( (A46*%3)/PS146/GAPPAUGLO/RHOGA)ISANGSO/AREA/(1.-EPL
#46)
DELCOT=DELCCT~TRY
P6=PICDELPOT*(TH~T3)
C6=2CQ4+0ELQDI*(T6-T4)
ANERG=(GAMMA-]1, )% (P6+Q&) /4,
UGNEWG=(P&-CH) /2.
S6=ST4DSOT* (T6=TT)*TT78./RGAS/GAMPKA
EPLO=EPLS+DEPLOT*(T6~-T5)
IF(EPLOWLECCeOO)EPLOE=0,0
UPNG3UPS+DUPDT®(TEHE~-TS)
IF(EPLOLE Q00 )UPNO=LGNERS
TGO=ANEWO*ANENSG /GAMMA/ RG AS
PSIL=PSITe! (ANEXNS/AL ) e2RINK2)
PSI6=PSIGSEXO (~GAMMAR(S6~-57))
RHO6=PSI6/RGAS/TG6
IF(T6.GE«TNLZE) GO TO 260
FORMAT(1Xs5ELl1e3)
CHECK=ABS({ (ANEW6~AL)/AE)
IF(CHECK.GT.TOL) GO TC 180
CHECK=ABS((LGNEW6=-UGH) /UGE)
IF(UG6.! T«3C0.) CHECK=(0,C00Q01
TOLL=10.8TCL

IF(CHECK.GT.TOLL) GO TC 180
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! ACLD4=A4 .
i XOLD4=X4 77 :
. SOLD4=S4 ]
§§ PSIOL&=PSI4 ]
i UPOLDA=UPS
XOLO&=X4
3 RE TURN
it 180 ITRY=ITRY+1
IF{ITRY.LT.21) GU TC 2CO
_ LOC=1
' CALL DIAGC(LOC)UGNEWGs ANEWS )
P 200 UGS=(UGNEW6+UGS) /2.
AG=(ANEW6+AG) /2,
UP6= (UPN6+UP6) /2,
GO TO 30
201 WRITE(695004)VOLS,VOLE +SLRFS,SURF&,ETASE 9 AMGS6,EPL56¢DUPDT,DEPLDT
WRITE(H,5004)L5,L6,XSyX6,BRS5S
WRITE(6,5004)P6,Q65A6,LG6,LPS
DVOL*2o%((3,2VOL5/ (4 *F1E) )#20,32)
WRITE(6+5004)FD56, TAUNJEGASsRS1 o F1,UGMNy FOR569UP39UP&,UPS5,BUPDX,UP ‘
#56,UG5,DBAR ,DVOL » UPN6 ‘
004 FORMAT(1X¢5E20.5) :
GO YC 128
259 T6=TMUZE
X6=2X3+SLOPEPR(TE=T3) ,
AQ={UG3+UOLC4-A3-A0LD4)/ 2, ‘
AP=(UOLD4*UGA+A&+AOLD4)/ 2. ;
TIs{X4=X64ACSTO=AP*T4) /( AQ=AP)
XI=sX4+APS(T]~T4)
UG 4= (UG4-UOLDA) #(XI=X4 )/ (XCLD4=X4 )+UGH s
A4x (A4=ADLLA)I*(XI=X4)/( XOLDG=X4 ) *A& ,
TG4=A4®AL/GAMMA/RGAS ‘
PS14s(PSI4=PSIOL&L)®(XI~X4)/(XOLD4=X&)+PS]4 %
RHO4=PST4/RGAS/ TG4 ;
UP4= (UP4=UPCLD4 ) (XI=X4) /(XCLD4~X4) *UP4
S4=(S4=SOLD4)®(XI=X4)/ (XCLCA=X4) ¢S4
Xé=X1]
Te=T]
GO0 T0 31
260 UG63USNENWS
A6=ANEW6
UP6E=UPNG
RETURN
ENP

E il UGLD4=UGH
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] APPENDIX B
i

Listing of Flame Front Program

R
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/4 J0B MCASSEY 6044999919 DAYE 04/0]
/§iExec WATE 1TV

22
23
24
25

57
73
26
30

L
A2
33
14

/PROGRAM MCASSEY

c
c
c
c
c
c
c
c
c
c
c
c
c
c
¢
2
5000
10
¢
c
¢
f
an
.
c

: . .

PROGRAM CALCULATES THE PROPAGATION OF A FLAMEFRONT THRU A

POROUS PROPELLANT BED

F=PROPELLANT [IMPETUS (FT-LBS/LB)

Cs CHARGE WY (LBS)

RHDP= PROPELLANT DENSTTY (LBS/IN*%3)

ALFA=FLAMEFRONT VELOCITY PRESSURE CORFFICIENT (IN/SEC-PSI*%BETA)
BEVA2FLAMEFRONT VELOCITY PRESSURE EXPONENT (DTMEN)

B=PROPELLANT BURNING RATE COEFFICIENT (IN/(SEC-PST%*%EN))
EN=PROPELLANT BU' NG RATE EXPONENT (DIMEN)

RN=EQUIV. MEAN k IUS OF PROP. GRAIN (IN)

RI=1/2 WER " IN)

XLO=LFNGTH 0OF COMPACTION REGION (IN)

ETASPROPELLANT COVOLUME (IN®#%3/18)

DIMENS ION P(30),PBAR(30)vVF(30’90L(30)9XL(30930)0RL‘30’33,QV‘30930
$),XMG(30,30),20L(301,C1({30),E(30,30)

SUBSCRIPT J DENOTES THE NUMBER 0F TIME INTERVALS (PT) DURING WHICH
THE FULAMFFRONT PENETPATES THE PROPELLANT, =1 CARRESPONNE YO IGNITID
DATA RHOP PO 4RI 4 XLDyETA/N.056790.0115,0.0075,0023,32.2/
READ(595000)Fy ALFA,BETA,By kN, ~ACT

REAC(5+5000)RGAS GAMMA,CV,TZ:R0

FORMAT(2E20.5}

WRITE(6,5000)F,LFA,3ETA,B,EN,FACT
WRITFL6,50N0)RGAS,GAMMA,CV,TZERQD
VEL=0,N
AZERO’SQRT(GAHMA*BG&ﬁ?TZERO)
C=24,014E-03 T h
TCOUNTs=0

nn 10 1=1,30
N 19 Jd=1,30
F‘ItJ"Ooo
Xt{f,41=0.0
PIF=3.1418%

T=0.,0001

XTG=0,0

RR=RN=-RT
Vﬂ!’?o'pIE*RP*QR‘QY*PlE*PYE*RI*RI*(RQ*1.333*RI/°IE’

XN=THE NUMBEP (F GRAINS PER UNIT VOLUME

A=CRJSS SECTIONAL AREA OF CARTRIDGE

N=DIAMETFR N CARTRIDGE CASE ".335

A=pPlE%XN ,335%0,335/4,

VE=VOLUME DCCUPTED BY COMPRESSED PROOELLANT

VosAk(],5-XL0)

AN=C/ RGPy T %YL )

ARITE(h,1234)

P{1)=2750.,

N 1000 J=2,29

PiS)=P(J=-1)

DT=0,28F-04

T=T+DTY

TCOUNT=ICOUNT#1

SUBSCRAT2Y § DENCTES THE NUM3ER OF TIME INTFRVAL(DT) DURING WHICH
THUE ELAMEFQCNT PLNETRATES THE PROPELLANY RED(IGNIT TIME=N,0001S)

CALCHLATE THE DISTANCE (D(J)) THE FLAMFFRONT HAS TRAVELED
PAARI N2 {P{y~1)4P ), ),

VELJI=ALFARPAARJ ) #2RETA

DLEJYsVELY)%DT

LLi1)=XLN

feild)=xLn
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A S TF(ZL(J)aGE145) 2LUSI=1.5 8/
i g ‘ TFUZLIJ) oGEL1oS)INLIII=ZLIS) ~2L(J=1)
PoE 39 IF(ZLIJ)eGF¢145)T2T=DT
E Tt 40 TF(ZLIJIGELLaSIDT=DLIY)/VF(Y)
S S 5} IF(ZL(J)eGEL1.5)T=T+DT
©o c
Pt c CALCULATE THE DISTANCE(XL(T4J)) BURNED NORMAL TO PROP, SURFACE(IN)
P c CELL I DURING TIME DT,I=1 IS5 INITTAL COMPACTIOM REGION(NG PROP.)
42 PXTG=0,0
413 VAL S=Q,0
E 44 nNo 500 1=2,y
= D L. 45 DXL#B*PBAR( J ) $SEN*DT
3 46 DXL=DXL*FACT
B 47 XL{T,J)=XL{T,J~1)4DXL
1 48 RLITpJ)2RI=XL(14J)
. T 49 VIIyJ) =2, %PTE#{RR*¥*2*RL{ 1, J) )+PiEXPIE®RL( T, J)I**2%(RR+1,333/PIE*RL(
§ #1,4))
! o
P c XMG{I,J)1IS THE AMOUNT OF GAS GENERATED FROM CELL I DURING TIME T
{ 50 XMG (1 ¢J)=DL(T)%XN®A®(VOI=V({yJ))*RHOP
: c XTG=THE TOTAL GAS GENERATED IN TIME T
i .. 51 NXMG=XMG{ 14J)
: 52 E(T,J) = (XN®AXDL (Y )*VOI-XMG{T4J)/RHOPI/A/DL(T)
] 53 VOLS=VOLS+A*®DL(I) *E(1,J)
! 54 PXTG=PXTG4+DXMG
; 56 500 CANTINUF
: 56 XNUME1 2, %PXTG*E+P {1 ) *A%ZL (1)
g 57 NENOM=AXZL(J) =VOLS~-PXTG*ETA ,
58 PPBAR=XNUM/DENOM ;
59 IMN=} ;
60 1F(ABS{(PPBAR-P(J))/-PBAR) ~0,0G5)55 455,800 :
61 B8N0 TF(ICOUNT.GT.25) 50 TO 1001 :
H2 PLJ)=PPBAR §
63 60 TN 8n1
b4 55 CANTINUE
&5 XTG=PXTG 3
66 P(J)=PPBAR 2
67 ICAUNT -0 k
658 DN 900 1=2,44 1
69 WOITE(6¢24681T PIJ)yZLIJ) 9 XTGsF (19 d) o XL(Tod)sTyd ~
70 TIME=T :
71 900 CANTINUE 4
. 72 IF(ZL{J).GEL1.5) GO YO 1001 :
i 73 K=J ;
. 74 CL{Jdr=2L(J) :
75 1234 FORMAT (1M1 ,9X, ' TIME? 16X, *HPEJ) 15315Xy *ZL{J I 915X YXTG , 15X, *E( T4} :
#1)
76 26458 FARMAT(6(4X4515.6)4213)
77 1000 CONTINUF
78 NN 1002 J=2,9
79 naoloN2 1=2,9
80 WRITE(6,2668)XLIToJ)yDALVIT o) 9XMOITod)oRLITJ)eDLIT) T4
31 1002 COMTINUE
&2 67 19 1005
Ao 1¢01 CONYINUE
44 J=IMN
54 PLI)=O(J)*Las,
86 RELS=P{ I} /PGAS/TLERN
a7 TNTLT{RAAS/ TTB4 +CVI*ALOGITLERD/S53041-RGAS/ TT8*ALOG(P{J) /20754 )
8.5 CNTAzFENTR¥T778, /RGAS/GAMMA
B9 ) 1004 Is]l,1MN
90 YIST=ZLITN/12,
! XLCTed)sXLIT 4 d0/12,




92 TIMeT+(0.125-DIST) /AZERD 82
fo9e3 WRITE(794445) 1,4
g 94 WRITE(7,4444)D1ST,TIM (1,41 AZERD,VEL \VEL,PLJ)4DENS,ENTR,XL T 4d)
4 I $, TZERD
i es WRITE(64444)D1STTIMyE(T +4) 2 AZERD,VEL \VEL,PUS)+DENS,ENTR XLET 4 d)
v $, TZEROD
96 WRITE(7,4445) 1,4

97 1004 CONTINUF

98 4445 FORMAT(SX ot Rk hb kb 5K, 1495K9 (495X, t R RbRRRR805))
99 4444 FORMAT(3E20.5)

100 1005 CONTINUE

e S

1. 101 GO T0 2 ;
1 102 END 3
/69 ,

0. 32060F 06 0.31500€ 02

0.48000€ 00 9.26300E-02

0. 70000E 00 0.10000E 01

0.25643E 04 0.12506€ 01

0.11470E 02 0.46150E 04

R I 3 R B e

PETEC LR 2

e i ki S — s o S |




