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Section 1

INTRODUCT ION

Briefly , the existing procedure for the acceptance of propellan ts

begins with closed bomb testing during manufacture. Batches of propellan t are

classified according to relative burn rates and pressure levels exhibited

when tested against a standard propellant lot . The batches to be blended to

make up a lot of propellant are selected according to the relative burning

characteristics measured in the closed bomb . This blending process has

resulted in a stable product with slight variations between lots. The

finished lot is sampled and tested in the closed bomb . An approximate charge

wei ght is determined based upon the closed bomb test results . The propellant
is then loaded into charges at this weight and fired using standard metal

parts and igniters . During this propellant acceptance test, muzzle velocities

and peak chamber pressures are measured. Propellant acceptance is based upon

achievement of satisfactory muzzle velocity and pressure levels with a pro-

pellant charge volume below a specified maximum value. Charge assessment

(the determination of the charge weight necessary to provide a predefined

muzzle velocity) is also determined from the acceptance test data. If a

propellant lot does not exhibit sat isfactory performance characteristics, it
is rejected .

The first modernized propellant manufacturing facility wherein

propellant is produced on a continuous production line is currently being

constructed. A cand idate item for production is Ml propell ant for the M67

charge of the M1O3-lOSmm howitzer. The Army project entitled “Acceptance of

Propellant Produced via the Continuous Process” has a goal of developing the

acceptance test plan for the CASBL. Obtaining the knowledge of which pro-

pellant parameters affect the interior ballistics cycle and the ranking of

parameters by sensitivity is a crucial plateau which must be reached .

An an aid in determining the sensitivity of the interior ballistics

cycle to propellant characteristics and for the development of improved under-

standing of propellant interior ball istics functions, Calspan has developed

1
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a mathematical simulation of the 175mm gun system. This model has been used

to study the effect of the propellant ignition process on the entire interior

ballistics cycle. Furthermore, the model has been shown to have the ability

to predict non-normal , even hazardous , combustion shock wave generation in

the bed of propellant .

The model was also modified to incorporate those features unique to

the 105mm howitzer. Together these models provide the ability to represent

most U.S. Army artillery configurations by simply changing input parameters.

Extensive use of the models and recent developments found in the

literature have revealed areas in the models that require improvement . This

program is devoted to upgrading both the 175mm and 105mm howitzer codes,

although primary emphas is was given to the 105mm howitzer code. The primary

items addressed during this program were:

1 . Reformulation of the governing equations .

2. Change of equation of state -and use of BLAKE code--

generated inputs.

3. Improvemen t in treatment of the dual-granulation

propellant movement and combustion in the barrel.

4. Investigation of discontinuity and other deviations

in computed pressure-time curve from the experimental

curve.

5. Inclusion of chamber heat loss.

6. Improvement in treatment of propellant motion and bed

compaction .

.1 .
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Section 2

MODEL STATUS

2. 1 OVERVIEW

The Calspan artillery codes were reviewed and modified with regard

to the areas listed in the Introduction. This section will describe the current

status of the model with regard to its formulation, treatment of the various

empirical functions, and computational procedures. This report is written

with respect to work accompl ished on the 105mm how itzer model , or igina l ly

described in Ref. 1. However, the status of the model as presented in this

report also applies to that of the 175mm gun- -155mm howitzer code, as described

in References 2 and 3. The basic structure of the 105mm howitzer code is given
in the next section to provide continuity with previous works.

2.2 REVIEW OF MODEL STRUCTURE

The mathematical models, which consists of two major routines,

chamber and barrel , with domains illustrated in Figure 1 , is described in

Reference 1. The following section , taken from the Reference 1, is given here

to prov ide necessary back ground for the discussion which follows .

2.2.1 General 105mm Howitzer Configuration

The general configuration of the 105mm howitzer is shown in Figure 2.

The complete round consists of a steel cartridge case , primer, propellant

charge, and shell. The primer is made of brass or steel and is mounted to

the base of the cartridge case . The propellant charge is con tained in a

string of up to seven small rectangular bags that fit loosely in the case

around the primer. The shell fits loosely in the cartridge case and provides

the major portion of the cross-sectional area for the pressure to act against.

The rotating band performs a sealing function as well as the means for

rotational acceleration . Any leaks past the band tend to reduce system
efficiency, but since this band undergoes an interference fit as it enters

the barre l , the seal is assumed to be tight , a l low ing negligib le loss of

gas. When loaded , the shell is not rammed and must travel a short distance

3
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before the rotating band engages the rifling. It is assumed that the blow-by

that occurs here is also negli gible , or at least consistent from round to

round.

The primer is a long tube with a pattern of holes . The tube is

initially filled with a charge of black powder which is initiated by firing

a percussion-sensitive element . The primer tube has a wax paper liner which

allows high pressures to be reached before the tube is vented. This provides -

a more positive ignition .

The propellant charge consists of seven bags sewn to~~ther in a

string. Before firing, the projectile is removed and the charge is adjusted -

by removing bags until the desired velocity level is reached. The first two

bags contain 0.0135 in. web single-perf Ml propellant while the remaining

five bags contain 0.0245 in. web multiperf Ml powder. The bags are contoured

to fit the case and can be dropped into the case in a random fashion. The

charge rests on the bottom of the case and there is considerable free volume

between the charge and the projectile.

The actual gun system f i r ing  sequence is init iated when the
percussion element is fired and causes a sequence of events resulting in
black powder ignition . The burning black powder causes the pressure to rise

and eventually exceed the strength of the paper liner. Hot gas and burning

particles generated by the burning black powder flow through primer tube

holes and into the end of the propellant bed. The grains in the main pro-

pellant charge are heated by this flow and eventually become ignited. After

ignition , the propellant burns at a rate governed by local conditions . Gas

flow through the propellant creates forces that result in movement of the

bed .

As the pressure builds up in the system, the force created by

pressure acting on the project i le  base causes it to move , engage the rifling,

and eventually overcome the in i t ia l  barrel restraining force. This restraining

force is a result of the material extrusion/shearing phenomena that occur

while the rotating band is engraved. When this engraving force has been

6
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exceeded by the pressure , the projectile begins significant acceleration.

As the projectile travels through the barrel , it is accelerated in a rota-

tional direction at a rate proportional to the axial acceleration . This ,

along with friction and engraving forces, constitutes the projectile retarding

forces.

Gas and propellant flow into the barrel behind the moving projectile.

The gas loses energy and momentum through the boundary layer while it does

work in overcoming the retarding forces. The sequence of events of interest

in this model terminates when the projectile has passed from the barrel.

2.2.2 Chamber Routine

The Chamber Routine calculates all phenomena concerned with ignition ,

gas generation , and flow inside the chamber of the 105mm howitzer. The

routine is basically the same as the corresponding routine for the 175mm gun

code . The grid formulation consists of parallel one-dimensional networks ,

one to describe the primer tube and one for the main charge as shown in Figure

3. This system has many advantages such as flexibility in defining the radial
dimension of each grid network as a function of axial position and arbitrary

selection of grid size. Gas is allowed to flow between grid networks in a

manner that simulates flow through primer tube holes , thereby achieving a

semblance of radial mass and energy transport .

Use of a one-dimensional grid system places some constraints  on
positioning of the propellant charge . Variations in propellant or propellant

bed density can be expressed only as functions of axial location . The seven

zone propellant charge with two different grain configurations is loaded in

a random configuration , as mentioned previously. One choice for positioning

the charge in the code is to distribute each zone over a length of the case

with zones overlapping. Another is to assume a structured charge that is

sequentially loaded according to zone number, beginning with zone 1 at the

breech end of the case. The latter charge configuration was chosen for the

105mm howitzer model.

7
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The basic equations of fluid motion with terms to take the porous,

variable area bed into account are used to calculate flow propagation through

the bed. These equations are the well-1- nown , universal relationships that

express conserva tion of mass , momentum, and energy. These equa tions contain
terms to include gas generation by burn ing p ropellant and other source or

sink terms such as hea t transfe r losses and mass flow through prime r tube
holes. In addition , equations express ing conserva tion of mas s and momen tum
are included in order to express movement of the propellant bed . These equa-

tions are solved in such a way that no mixing of the two grain configurations

is allowed .

The output of the primer percussion element is not specifically

represented in the current model . Its effects are represented by assuming the

black powder in the first primer grid is ignited initially. The gas gene-

rated by this powder flows through the tube and ignites the remainder of the

pr imer charge.

The treatment of flow through primer tube holes has been simplified
but still retains the essential features. The model considers an arbitrary

numbe r of rows of exh aust ports, each row consisting of the holes (two holes
per row for the 105mm howitzer) at a given axial station . Each row is

treated as a continuous flow area rather than as discrete holes , since the

latter would require the full three-dimensional treatment . Gas flows sonicly

or subsonicly through the holes , according to the existing pressure ratio

across the hole after a pressure sufficient to cause liner failure has been

reached at the hole location .

The breech end of the chamber is assumed to be reflective ; that

is, waves are reflected with no losses. The multiple one-dimensional for-

inulation requires no specification of wall boundary conditions . The downstream

end of the chamber is non-reflective and allows a smooth flow of gas into

the barrel af ter the projecti le has started to move . The projec ti le base is
assumed to be reflective so that waves are transmi tted from the breech to
the base.

9
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Basic inputs for the Chamber Routine include the chamber and

propelling charge geometry pertinent to propellant ignition, gas genera tion
and flow , and propellant geometry and burning characteristics . Essentially

all elements of the igniter system that could conceivably influence gun per-

formance were included in the mathematical model. Virtually none of these

elements is built into the program but, rather, is an input that can be

varied independen tly from the others .

2.2.3 Barrel Routine

The Barrel Routine accepts the flow of gas and burning propellant

from the chamber and performs the unsteady gas flow and projectile motion

calculations until the projectile eventually passes from the barrel. These

calculations are performed in a one-dimensional framework which assumes that

all two-dimensional effects can be assigned to boundary layer-type calculations .

The grid network used to represent the barrel is shown in Figure 4.

The one-dimensional equations of fluid motion, modified to take the

presence of solid propellant grains into account, are used to calculate the

gas flow. These equations express conservation of mass, momentum, and energy
for each grid and includ e losses of momentum and energy as well as the mass
flow area constriction due to viscous effects of the boundary layer in the

barrel and heat transfer to the barrel wall. Propellant movement is cal-

culated from pressure gradients and drag forces exerted by gas flow. This
is simplified by allowing propellant to move in one direction , away from the

breech .

The individual items that influence projectile motion have been

accounted for separately rather than being lumped into an effective projec-

tile mass or resistance function. The main propelling force is that due to
pressure acting on the projectile base. Retarding forces are considered

ind ividually and con sist of the force requ ired to engrave the rotating band ,

the component of the accelerating force consumed by rotational acceleration

and frictional resistance. The engraving force is a result of the extrusion

process and subsequent slip fit/galling condition encountered by the projectile

10
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rotating band as it begins motion through the barrel. Rotational acceleration

involves the axial moment of inertia and the twist of the rifling. It

actually becomes a component of the axial acceleration that requires some

of the pressure force. In this sense, it acts as a retarding mechanism.

The frictional force is assumed to occur as a result of rotational accelera-

tion . The torque required for rotational acceleration is supplied by a

resultant force normal to the rifling. The retarding force occurs as a
result of the coefficient of friction between the rotating band and the

rifling and this normal force. Another resistance force that has been

included but is probably not too significant for the 105mm howitzer is the

pressure head that is accumulated ahead of the projectile.

Barrel Routine calculations are initiated with the projectile at

rest and located at the first or second grid of the barrel network , which-

ever is specified . When the pressure force exceeds the assumed initial

res istance force,the projectile starts to move . As the projectile travels

through the barrel , grids are added to the network . Initially , a relatively

small grid size is required in order to supply the required computational

accuracy. As the projectile moves through the barrel, the number of grids
in the entire system is cut in half from time to time , greatly accelerating

the calculation while providing acceptable accuracy .

The one-dimensional barrel calculations require no specification

of radial boundary conditions. The initial grid of the barrel network is
common with the las t row of chamber grids and is loaded with we ighted
averages of parameters from these chamber grids . Therefore, no specif ic
boundary conditions are applied to the barrel entrance. The barrel grid

ne twork is terminated at the projecti le base , which is a reflective boundary
moving at the projectile velocity .

Inputs to the Barrel Routine consist mainly of projectile charac-

teristics , which include equivalent pressures to represent retarding forces ,
mass and moment of inertia , representative base radius , and friction coeffi-
cient. Barrel length is an input but the equations describing the twist of the

rifling are built into the logic .

12
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— 2.3 GOVERNING EQUATIONS

‘S

The governing equations for the Caispan interior ball ist ics codes

have been reviewed in light of the JANNAF Combustion Workshop held in conjunc-

tion with the 12th JANNAF Combustion Meeting in August 1975 . The derivations
of Culick 4 and Gough 5 have been reviewed in order to obtain different perspec-
tive on the two-phase flow problem. This effort has resulted in some changes

- - to the Calspan governing equations .

In addition , the equation of state has been changed to the Lennard-
Jones 6-12 potential . This change necessitated revision of the energy

equation . This equation, written in the form

where the co-volume , ?‘
,
i , is given by

‘7 Ac’ + Ai~~÷ Mz ~~ ÷43 ~o3

with cubic fit co-volume coefficients as generated by the BLAKE code , is

thought to be the most accurate equation of state for a wide range of pressures ,

including the extremely hi gh pressures encountered in gun applications. This

change necessi tated revision of the form of the energy equation, since the
previous form incorporated the state equation .

The governing equations express conservation of mass, momentum,

and energy in a two-phase compressible flow system . This two-phase sys tem
is assumed to be a continuum that represents interactive flow through a

mobile bed of propellant . This formulation assumes that the large propellant

grains can be treated in the same manner as a molecule of air. This is not

realistic and the inequality is reflected at various points in the derivation

as will be noted in the subsequent discussion.

Continuity Equations

The continuity equations , which represent conservation of solid and

gaseous mass , are unchanged. These equations for a one-dimensional system are :

13 
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Gas Phase:

A(~ P) ÷ .JJA~ p~) 
~~~~~~~~ 

÷ “
~~

Solid Phase :

~~~~~~~ j A ( i — ~ ) f~~,J — — ~~~~ ÷

where th is the rate of propellant mass burned and iii and th representcomb 5 sp
respective quant i t ies  of gas and solid added through the boundaries of the - :

parallel grid networks. The propellant density ,,,~~, in the solid phase equa-

tion is treated as a constant in the Calspan codes.

Momentum Equations 
J

The equations that express conservation of momentum in a one-

dimensional two-phase flow system were rederived along the lines of Culick~
’ .

The elemental volume for this derivation is:

(A , ~~, ~~, p1 U, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~, ~~
, 

~
°, LA, L4p),~44,~

The total momentum contained within this volume at any instant is

÷

where A is the average cross-sectional area of the grid and 
~~“ 

£1;-~
are the average flow parameters in the elemental volume and the propellant

density , 

~9, , is assumed to be constant.
The net momentum change within the elemental volume due to flow

through the end boundaries is

[4 4f ’ ~ ÷ A ( i -~~~) ~~ 
— [A~~~~~

L 
+ 4(i-~1(, ~~~~~

The parameters in this relationship are those that exist  exactly at the end
faces of the elemental volume and are not average quantities.

14
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The pressure forces acting on the elemental  volume are those forces
acting on the end face pl us the axial component of pressure acting on the
side wal ls  of the volume . The pressure force is written as

(?Mx ~~~~~ (
~~ 

d~~ . 
—

If the pressure , p . and the area of the element , A , are assumed to
vary linearly over Ax, then

÷ K~ .

and ~~4~.

After integration , and substi tution of C i’~ and k = over the length
4*

of the elemental volume , the net pressure force on the volume is

— A , ~~~~~ dx - 
~~j ’ 

( A ,,.4, , —4 i~~ax Z

or — A ~ -? ox

This term is separated into components for each pha se when the global momen tum
equation is separated.

The stress force supported by the compacted bed of propellant is

—

This is the only sol id propellan t stress force inc luded in the model wh ic h
means that a free slip condition exists at the wall.

Gas and sol ids added to the element through the boundary add to the

total momentum in the element if they have a velocity component common to
that of the one-dimensional element . Also , momentum is lost if moving gas
or solid is allowed to flow from the element . These source or sink terms are

written as:

÷ 
“F’ 14sp

where u and u are appropriate veloci ties.
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Combining these terms , d ividing by x and ~, the global momentum
equation that expresses the rate of momen tum change in an elemen tal volume is:

~

- 

~‘—~) r~~J = ~~~~~~~~~~~~ A (i -~)~p up ’1 ..
~~~~~~

4- $1~~ ’A~ + ø~~~~~t4~~,

Letting ~~~
‘ = ~ 

-
~
- (i-~~)~~~~. and separating the terms of the equation

with regard to solid and gas phase components :

Gas Phase:

qS~~~~~ — r n,t~~ — F

Sol id Phase:

÷ -* ~~~~~~~~~~~~~ -
~- 

(i-~ J~~ +.L~~ (4cr ( i -~) J
— fr~l$p ~~~~~ = F

The term F represents those forces internal to the elemental volume that
result from interaction between the two phases , which is simply an exchange
of momentum between the phases. One such interaction is drag caused by

resistance to flow of one phase relative to the other.

= f (~~, d , 
~~, p~

The other is a result of the velocity of burning propellant grains. At the

ins tant a volume of solid propellan t burns , the gas generated has momentum
equal to ~~m . 

~~ which is properly added to that of the gas in the elemental
volume . At the same time, the solid propellan t has lost this amount of
momentum . Therefore , the rate of momentum exchange is in u andcomb p

F = —
~~~~~~ 

~~ 
fr’1~0,,,~~ L41,

where

y (4, yi-~~i#; ~eo ) ~
)

The complete momentum equations in conservative form are then :

16
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Gas Phase:

(~~ u~ -~-~~~J..1A~~p~~ J + .
~~~~ ,

Solid Phase :

~ [ ( / ~~) f l~u~] ÷.L~~~jA (I-Ø)4 S4~~] ÷ (/
~~~~

) ..è~~ =

~~~~~ ~~~~~~~~~~~~~~ f~4a (i—# J — r~7,~~~ L

Energy Equation

The energy equation is derived in terms of the total internal energy ,

thermal plus kinetic ,

E e +

= ÷ t4~~ /Z~~3

The terms of the gl oba l energy equation are as fo l lows:

Total internal energy in the elemental volume :

A4X 1~~~~ +

Energy flux :

!A4~~E i.i ÷A(I #)pp E,,u~
]
~ 

[A~ f Eu + ,q(,_ ~ )~o
F’
Ff L.~~]~

Flow work :

[A 4~~~ + A(i )Pislpjx. [A~~ /’L4 +

Chemical energy due to combustion :

Heat transfer from element (to wall):

c?,.1 ~
Work done in compacting solid phase :

17 
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Source and sink terms :

+

Af ter assembling these terms and div iding by A ix  the global

energy equation in con serva tive form is:

~Jd fE +C I- cb) r,, £~J 4- _ i A 4 P ~~ ÷ A (I-ø
~r~

up E,J +à!..1A~
/
~
u +AO*upJ

~~~~~~~~~~ 
.,- ÷ - n~,H 

- ‘~ ,(;~~÷~~)
(p

This equation is then separated into gas and solid phase energy equations:

Gas Phase:
1[4~~E .J +LA [a4~~°uEJ ÷~ 4~~ j iq~~pw ÷ A (i-~ ) / L 4p~J -

— — - = a
Solid Phase: p

~4
L ( I ~ ø) pp Ep 1  +t~~jA (/- .

~)pp
Ep upJ...wc ‘

~~P~~~Sp =

where Q is the term representing interaction between the gas and solid phases

wi thin the elemental vol ume. These interac tion terms incl ude:

Heat transfer between gas and solid phases

Transfer of kinetic energy from sol id to gas phas e during combus tion

~~~~~~~~

Work done by gas drag on mov ing propellan t

Therefore, the complete gas phase energy equation is

AL4’t°EJ ÷ ~~ ..aIA4 ’p tt(J ÷~~~ iL4a3/’14 ÷ A (/ -~5) ftupj = --s-
÷ “7c0m4 (E c~e~., ~~ — ~~~ML. 4~ i~,I4~ - Dj c i4 p

A y

18
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The solid phase energy equation real ly consists of two separable parts ,

therma l and kinet ic .  The kinetic portion contains the solid-phase momentum

equation and a l l  solid-phase flow parameters are adequately specified by that

equation together with the solid-phase continui ty equation . What remains is ‘ -
,

simply an expression for heat transfer to the propellan t together with provi-

s ion for transpo rt of these heating gr ains ,

± ~.~~~ A ( I -~)ep~4p 1

A subtle feature of the derivation of these equations is that a

continuum is the underlying assumption but that the inequality between the

elements of the gas and solid phases , i.e., gas molecules vs. propellant

grains, is also addressed . Essentially , all pressure and work terms are

attributed to the gas phase , whereas in two-phase flow of equal elements ,

the contribution of these terms would be divided between the phases.

The energy source term , Echem~ 
is particularly important in its

interpretation . It represents the total chemical energy liberated during the

combustion process plus the heat contained by the solid material at the igni-

tion temperature . Experimentally, the heat of explosion is a reasonable

approximation for this parameter.

The BLAKE code is thought to be the most accurate existing mathema-

tical representation of the chemical combustion process and it is desired to

use this code to calculate inputs for the interior ballistics code . The out-

put labeled DELTA Q was found to be the di fference between the heats of
formation of the propellant and combustion products , and represents the

chemical heat addition . It carries a negative sign which should be reversed.

The sensible heat that should be added to this chemical heat is not well

defined but a reasonable approximation is probably CV
TIGN, where C

v 
is the

specific heat as given in the BLAKE code output and TIGN is the ignition

temperature used in the interior ballistics code . The values of E h m  (the
sum of the chemical and sensible heats) as determined from a BLAKE code print-

out for lot A of CASBL Ml propellant are given in Table I. A technique used

at NOSIH and BRL 6 ’7 is to compute
19
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TABLE I

VALUES OF CHEMICAL ENERGY FOR LOT A

Loading Density Echem - cal/gm F
gm/cc DELTA Q + Cv7~.,

0.05 766 831

0.10 766 835

0.15 - 768 838

0.20 772 845

0.25 778 856

0.30 786 863

0.35 796 875

0.40 808 886

20
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£ = F

where F is the impetus and }— is the BLAKE code output term called I . B .
GAMMA. These values are also tabulated in Table I for comparison .

The source and sink terms, in and in are particularly unique to the

Calspan code. These represent flow interchange betwee n parallel grid matrices ,
and are used in the representation of center core ignition and also the gap

between bagged propellant charges and the chamber wall. The velocity associated

with these terms is given a non-zero value only if it has an X-axis component.

Radial components are assumed to have no contribution . The flow work resulting

from these source and sink terms is included through use of enthalpy as the

energy parameter.

2 . 4  AUXILIARY RE LAT I ONSHIPS AND TECHNIQUES

2.4.1 Flow Resistance

The resistance to flow through a porous bed , D , is represented by

= _ _ _ _ _ _ _ _

as derived from the expression found in Perry’s Chemical Handbook
8. This

expression applies to particle Reynolds numbers in excess of l0~ . The fric-

tion factor, f, is close to 0.7 for extremely smooth surfaces such as glass

as shown on a graph presented in the reference . However , a value of 1 .0

may be more realistic for propellant . A shape factor, +~~, is def ined as the
quotient of the area of a sphere equivalent to the volume of the particle

divided by the actual surface area of the particle. The average particle

diameter , d , is similarly defined as the diameter of a sphere of the same
volume as the particle. The product , 4 d2, reduces to 6V /S , the same

S 2 p p
definition for effective diameter used by Cough . -

At present, the Calspan code does not distinguish between fluidized
and non- f lu id ized  beds . The drag correlation is most importan t when the bed

21
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is in a packed or near-packed condition and the differences between the two

bed states are probably swamped by such items as grain deformation , effec ts
of grain porosity, and the influence of combustion, which effectively elimi-
nates skin friction and alters the effective geometric size of the grain. It

is recognized that large errors can be generated as porosity approaches unity
and that care must be exercised in the regime , particularly in barrel flow

where velocities are high .

2 .4.2 Heat Transfer

Propellant heating prior to ignition and heat loss to the chamber

walls occurs by the three modes; convection , conduct ion and radiation. Of

these , convection provides the major contribution . The relationship used to

express convective heating to propellant grains, as presented in Ref. 9, is

0.o.3 I?e

The relationship between Nusselt number and Reynolds number was determined

empirically from pebble heaters. The conditions of these tests are well

defined in terms of flow rate, gas temperature and steady state conditions.

However , it does not seem that this empirical relationship is
adequate for interior ballistics codes. This is partly a result of use of a

coarse one-dimensional grid network to calculate the flow conditions . This

type of network is only capable of representing gross f low patterns and does
not adequately represent local eddys and flow patterns that are important

to ignition and flame spread. For example , the gas velocity at the breech

is computed by the code to be zero and, therefore , the Nusselt number based
on Reynolds number is zero . In addition, heat conduction and radiation
becomes more signif icant as pressure increases.

In order to overcome this deficiency , a pressure-dependent correla-

tion was formulated from chamber-heating data measured at Calspan in a 5.56mm

fixture
10

. The correlation is
-2 o.o r~Ii = O , ? 7 Z  x i o

22
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where h , the heat transfer coefficient, is defined as ~~~ T Btu/ ft 2 -sec- °R.

The data we re measured near the breech of the chamber where the bulk , one- -

— dimensional velocity is expected to be quite low and apply to pressures up
to 50,000 psi . This heat flux quantity is bel ieved to be addi~ ive to the

Reynolds number-dependent heat flux on the basis that the chamber heat transfer

data was observed to increase as a function of distance from the breech .

This increase is believed to be the Reynolds number effect. At this time,

the magnitudes as they apply to artillery are not known accurately and this

represents an area for future research.

The relationship for propellant grain heating is
-2. ~~~~~~~~= 0.3 R~ -g- O .9 72 x ,O  1b 4

k
where d = 6V/S for the propellant grains,

k is the thermal conductivity of the gas,

and p is the pressure in psi.

The heat transfer relationship for chamber wal l heating is
-~~ 0.3”$~

= a. zi R~ ÷ 0.972 .x / 0  /~
where d

H 
is now the hydraulic diameter of the propellant-filled cross-section

and the turbulent flow heat flux to a pipe wall  is represented by Re x
°’8 .

2.4.3 Propellant Combustion

Propellant combustion in a gun is assumed to occur in a manner

similar to that in a closed bomb . Closed bomb-derived burn rates include some

of the ignition transient and burning nonuniformities that are present in a

gun. These transients occur at different rates and these burn rates may not

be entirely representative of the gun case. However, the closed bomb is the

primary source of burn rate information for granular propellant as this assump-

tion is more or less imposed.

Basically, the same procedure is used to calculate combustion in the

inter ior ballistic s code as in the Caispan closed bomb burn rate code . All

23
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exposed surfaces of a propellant grain , including perforations , are assumed

to be ignited simultaneously and burn at the same rate. In the finite difference

code , this concept is expanded to include all propellant grains within a grid.

The grains are assumed to maintain their physical integri ty , except for the

phenomenon of splintering. Bed compaction, which must, in reality, cause grain
deformation and perh aps cracking, is presently allowed to occur in the model

without altering the grain geometry .

The possibi l i ty  of burn rates within the perforations being different

from those of the surface is acknowledged but not included in the present model.

Recent experiments~
1 have shown this assumption to be reasonably accurate and

point out the possibility for counteracting effects, such as a flame zone or
at least a major portion of the combustion external to the perforation, which
would decrease the local heating and, therefore , the surface recess ion rate
inside the perforation . The data in Reference 1 seem to indicate a reduced

combustion rate inside perforations which supports this premise. At any rate,

the closed bomb-derived burn rate for the actual propellant used in a gun is

assumed to include these effects.

The burn rate expression

= (~~i + B)fr M ÷ C7

has been found to represent the combined effec ts of pressure and initial
temperature on burn rate. Of course, A and C = 0 cause the expression to

revert to the familiar Bp”. Calculation of burn rate is performed separately
from the solution of the conservation equations. The calculation procedure -

involves determining the actual volume change of a grain during the time

interval , which is the exact function

This is combined with propellant density and porosity to create a mass gene-

ration term for the governing equations,
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where is the fractional change in propellant grain volume , D, d, and L are
propellant major diameter , perforation diameter and length , and 111 omb ’ the

-- mass generation term in the conservation equations , is the gas generated per

unit of gun chamber volume. For the 105mm howitzer , this technique is applied
separately to both single and multiperf propellant grains of the dual granula-

tion charge in both the chamber and barrel.

Eventually, the inultiperf grains reach a condition , known as
splintering, where burning surfaces coa lesce. At this point the calculation
becomes less precise for at least two reasons :

1. the geometry is changed drastically and calculation of

surface recession is inherently less precise; and

2. the splinters can no longer be considered semi-infinite

in depth and actual burn rate is increased due to more

rapid temperature rise in a thin section , and general ly

larger surface heat transfer area in relation to volume .

At the time of splintering, the length is known and the cross-

sectional area and total perimeter of the splinters can be calculated from
exact geometric relationships. The assumption of equal recession of all

surfac es , which may not be accurate as will be seen later, is used for this
calculat ion . The differential volume change is

c / V  ~~L P d x  . L P X d t

and the length change is

c iL  = 2 dx  =

where P is the total per imeter and dx is recession norma l to the surface .

The change in cross-sectional area is then ,

dA ( = d y/i..

The problem is to functionally relate the cross-sectional area A
c 

to the

perimeter. For a circle or square ,

25
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but for a rectangle with one dimens ion much larger than the other

Actual closed bomb pressure-time data from special Ml propellant

lot A for the 105mm howitzer were used in Calspan ’s burn rate code to assess

these relationships. The resul ts are shown in Figure 5. It is noted here

that the mass contained in the splinters amounts to about 10% of the total

mass of the grain . However, the calculated burn rate for the last 30% of the

propellant is noticeably depressed from the Bp’~ curve established previously .
It is postulated that this depress ion is a result of calculating a burning
surface area larger than actually exists . If this is the case, then splintering
and burnout of some grains, perhaps a result of slow or nonuniform ignition,

begins quite early in the combustion cycle , uniform recession of all grains
is a rather poor assumption , and detailed treatment of splintering involving
use of this assumption is probably not warranted. Therefore, while the use

of a linear relationship between cross-sectional area and perimeter of the

splinters drives the calculated burn rate curve toward the 8~n curve , the

depress ion of the burn rate curve prior to ideal splintering is far more
significant . If revised test or data reduction procedures should explain

this depression , then assessment of splintering would be the next logical

step. - It is hoped that the JANNAF Burn Rate Workshop will shed new light
on this problem. At present the relationship, P2

~~~s A
~
, is contained in

the model representation of splinter form function .

Prior to this program , the 105mm howitzer code lumped both propellant

granulations into a single mixture defined by length , total cross-sectional

area and total perimeter when the propellan t flowed into the barrel. Now ,

the dual granulation feature is retained throughout the ballistic cycle.
The propellant grains retain their length and diameter as they enter the

barrel and combus tion calcula tions in the barrel are now identical to those
performed in the chamber.
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2 . 4 . 4  Compaction

The solid propellant momentum equation contains a term that represents

the buildup of force resulting from bed compaction . This term,

4 ~ _ [ 4 ’i-~ ) a~JA ~~X

denotes only the axial stress in the bed . The frictional resistance of the

wal l and stress normal to the wall are neglected in this formulation , which
allows a net force creation resulting from an area change in a compacted bed.

The dynamic nature by which a bed becomes compacted is reasoned to permit

this assumption .

Bed compaction forces were measured during an experiment conducted

at NOSIH during 197612 and these data are shown in Figure 6. The fractional

bed compaction is related to the applied pressure by
4 l.z~~ 4

= / . 7 x / o  C

where C is the compaction , p is the pressure applied to the piston in psi ,
and ~

T’ is the intergranular stress in psi .  The compaction , or fractional
amount the bed is compressed from its initial state is given by

C = (~ -~)/u -~.)
Therefore , the stress term in the solid momentum equation becomes

24.

(i~~~~)~1 / . 7~~,0 ” (’ b.~~P

The Calspan code assume s th i s  to be an elastic stress. This is
obviously a deficiency in the code since plastic deformation must occur at
high compaction . However, the intergranular stress is most important during

initial compaction when pressures and drag forces are lowes t . During this
ini t ia l  period , the assumption of elastic deformation is adequate.

Compaction is al lowed to proceed unt i l  lower porosity limi t is
reached . This limit is more or less arbitrary. It has been stated13 that

this limit should be the lowest porosity that could be achieved without

28 
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deforming the grains because the model does not contain provision for defor-

mation and breakup phenomena and effects on combustion rate that must occur

at lower porosities . We believe the lower porosity limit should allow defor-

mation to occur, even though the physics of the deformation process are not
included in the model. In some instances, the conditions required to achieve

severe compaction are present and runaway pressures, of the type that cause
breech failures , have been calculated as a resul t of the highly compacted

state without altering the combustion calculations .

2 . 4 . 5  Grain Segregation

The mathematical simulation of the 105mm howitzer incorporates the

single and multiperf components of the dual granulation charge in addition to

the black powder primer . The simulation of the 155mm howitzer has the ability

to incorporate one granu lation of single or multiperf propellant and black
powder.

In all instances , diffusion of the various granulations is not

specifically included in the model , other than that occurring inadvertently

as a result of solution of the govern ing equations . Diffus ion coeff icients

are quite small because of the size and mass of the granules and this pheno-

menon is expected to have a negligible effect on the interior ballistics

calculations. The original purpose of the models was to provide an analytical

technique for charge assessment. Therefore, great pains were taken to
account for the masses of the charge constituents when the models were cons-

tructed. The single and multiperf charge components of the 105mm howitzer

maintain strict segregation for this purpose, that is, to help eliminate

inaccuracies in accounting of unburned mass. Segregation is achieved by

not allowing propellant of one type to pass from an elemental volume until

all of the second type is gone .

2 . 4 . 6  Mass Accounting

The f in i te  difference technique used to solve the governing equation s

of the gas phase causes viscous dissipation-type terms to be introduced as a

30
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means of maintaining computational stability. This causes errors to be intro-

duced in gas phase quantities , primarily the mass.

For this reason, the solid phase equations are integrated in a step-

by-step manner that maintains accounting accuracy . That is , when a quantity

of propellant is burned during a time interval , that quan tity is subtracted

from the amount existing in the grid at the beginning of the interval. When

propellant moves, the amount moving from one grid to the next is physically

added to one grid and subtracted fron’ the other in a separate operation .

Therefore , it is believed that the solid propellant is accurately accounted

for during the ballistic cycle.

The total mass of gas in the system is accounted for and adjusted

every calculation time interval. The gas and unburned propellant in each

grid is totaled separately. The sum plus the error , E, is set equal to the

initial propellant charge and gas

fr’1p

m3

~~
. ni~ + 6 = fr~ lp~~~~~~ ÷

where mg 
is the total mass of gas in the system

m is the total mass of unburned propellant in the system

is propellant density

,~~~ is gas density , and
th -V. - is the volume of the V.. grid .

1.3 13

The error , E , is then distributed over the entire matrix by

= 
e,. . ( m ,*eI°t ,J ccrr F’ ,., I.

fl -i,

Thus , a truly cons tant mass is maintained throughout the ballistic cycle
al though the mass distribution may be sl ightly in error.
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2.4.7 Treatment of the Solid Phase

The solution of the solid propellant mass and momentum conservation

equations is performed in sequential operations by three subroutines in the

chamber and two in the barrel. A single subroutine in the chamber and barrel

perform the combustion calculation . Another chamber subroutine performs the

propellant acceleration calc ulations of the momentum equation, leading to
velocity change, and the third chamber subroutine evaluates the convective

terms of both the mass and momentum equations , yielding the final updated

propellant properties in each grid at the end of the time interval .

In order to simplify the calculation procedure for the barrel , the

assumption was made in the original model formulation that propellant in the

barrel only traveled toward the muzzle. The assumption was adequate after

the project i le  had traveled some distance down the barrel.  However , in situa-
tions characterized by traveling waves in the chamber during early projectile

motion , this assumption was clearly erroneous. Therefore, propellant motion

calculations in the barrel were revised and are now the same as those in the

chamber.

Brief ly ,  the terms of the propellant conservation equations are
evaluated as fol lows.

a. Combustion:

The combustion or solid mass loss term in the governing equations

was given previously as

~~ S*At . . .
where = = the fractional volume change of propellant during a time
interval and S is the burning surface area. This is evaluated in Subroutine

REGRES of the chamber and DIMIN of the barrel.
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b. Grain Acceleration:

The solid phase momentum equation in conservative form , when
combined with the solid phase continuity equation yields

÷ ‘ p  .a~ + ~~~~~~~ = Dx

The propellant velocity is updated in two stages. This procedure recognizes

that a relat ionship must exist between the speed of sound in the solid grains
and the values of ~~,t and~~~ x in order to obtain the proper integrated resul ts .
Therefore, the convective term is considered separately in the conservative
form. Whi le this is not a rigorous mathematical techni que , it eliminates some -

of the smearing that results from direct solution to the above equation in

the time frame of the gas phase equations and helps to maintain an accurate

accounting of the solid mass. The velocity change for propellant in a grid at

the beginning of the time interval is

= - 
_
~~j~ i~ 

_~~~~~~~ j A -~r(’- t4) i~~~

~~~~ 
4~~ x

where
4.L J I J~~~÷~~~ 1 ~~~~
~4x Z L ~X

These calculations are performed in chamber subroutine PRPVEL and barrel

subroutine PRØPM~ .

c. Convective Terms:

The convective terms in the solid phase mass and momentum equations

are evaluated in chamber subroutine PRØPEL and barrel subroutine PRØPMØ . Here

the strict accounting procedure is also followed. The final solid mass in

an elemental vol ume af ter combustion is simply

t
1’l - — In h. - fli - In + $1

Pt r j C0m b~ ,b1,~,r

or
•t,’4f

( I —  
~~~ )~q~

• = 

~~‘k-~
4
~ 

— (i-~~.)fri~ 1A;~j ~
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where is the porosity iii grid i after combustion is considered and K

represents adjoining grids with a velocity vec tor directed toward the ~th gr id.

Similarly , the convective momentum term is included in the final

propellant velocity
t

L4~~~)  =[ m~ (u~ ÷ s)]. - ~~~~~~ W p~ 
— It4 p~,,~.j + I~1p I , j~ I

In this manner , propellant motion is calculated for each of the
grid networks in the gun system, including the black powder center core .
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Section 3
MODEL CALCULATION DISCREPANCIES

3. 1 OVERVIE W

Extensive use of the 175mm gun code revealed two calculation

discrepancies that occur consistently. One was a step pressure discontinuity

on the rise portion of the curve . The second discrepancy pertained to the

width of the curve, namely the area under the portion of the pressure-time

curve where the pressure was greater than half the peak pressure. The problems

are illustrated by the computed and experimental pressure curves shown in

Figure 7. The discontinuity is characterized by the large spike on the left

hand side of the curve and the difference in curve widths is readily apparent.

This section discusses the causes of the discrepancies and the means of

eliminating them.

3.2 PRESSURE DISCONTINUITY

The pressure discontinuity is observed to occur at the exact time

the first grid is added to the barrel matrix. The mechanism that causes the

spike is the logic that keeps continuous account of the amount of propellant -

— and gas in the system. An inaccuracy in the technique used to allow ini t ia l

projectile movement was suddenly corrected when the first barrel grid was

added and , therefore , the spike was generated.

Projectile motion and grid addition is illustrated in Figure 8.

The first diagram shows the projectile at its rammed position . The projectile

base is assumed to be located at the end of the chamber which coincides with

the beginning of the barrel. This point is important and will be discussed

later. The last chamber grid, designated NGX , is initiall y half a grid and -

represents a boundary condition . This condition is currently treated by

the mirror image technique which assumes that upstream and downstream conditions

are identical in magnitude but opposite in direction . The second and third

diagrams show how this last chamber grid stretches from a width ~~x to ~.x’
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and shifts as the projectile begins to move . The grid NGX is sti ll half si ze
and the mirror image technique is still used w ith the moving boundary taken
into account . Finally, the fourth diagram shows the grid pat~ern when the

projectile has moved the width of one grid , AX. At this time , the first

barrel grid is added and designated 2. The barrel grid 1 corresponds exactly

with chamber grid NGX. At this time , the chamber grid NGX becomes a fu l l  grid

of width AX and barrel grid 2 is half a grid. This sequence is repeated as

additional grids are added to the barre l matrix.

Several ins tances were discovered where the current model did not
represent this sequence of events exactly, this especia l ly  pertained to the

gas and solid accounting procedure when the chamber grid NGX was treated as

a whole grid throughout . This caused an error to occur in the volume calcula-

tion and is directly responsible for the pressure discontinuity. In addition
the treatment of gas and solid propellant accumulation in the grid was in

error because it remained fixed and, in effec t, the addition of the first barrel
grid caused a step change in conditions. 

-

These errors were eliminated through the following steps:

a. The gas and solid propellant mass accounting equations

in Subroutine UPDATE were modified so that the volume

of grid NGX is now computed by the product A (AX’ -

L~X/2). AX’ (see Figure 8) is initially equal to ,Ax
and eventually grow to 2AX . This change correctly

represents the initial half width condition and even-

tual 1 1/2 grid size at the time the first barrel grid

was added. j~~X’ (DXPRIM) is computed in subroutine MOTION .

b. The effects of the change in volume of grid NGX on the

quantities that specify the conditions in it; namely,

porosity and density, are taken into account in Subroutine

MOTION .
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c. The calculation of porosity change due to incoming
propellant was updated to include e ffects of the
increased grid volume by use of 4X’ -~~X/2 instead

of ~~X in grid vol ume calculation of Subroutine
PRØPEL.

d. The effects of the enlarged grid on finite difference
calculations was included by using AX’ as the grid

length in Subroutines AXIT2 and AX IT3.

These changes eliminated the pressure spike but a discontinuity

still remained at the barrel grid addition point. Further examination revealed

a discrepancy in the handling of chamber dimensions. The actual input

quantities and the discrepancy are illustrated in Figure 9. The problem

arises because, in the normal gun configuration, the projectile base and the
barrel origin do not coincide . The model creates the chamber grid matrix from

the input dimension DRAM , which is the distance of the projectile base from

the breech. However , several inches of projectile protrude into the chamber
and previously unaccounted free volume exists between the projec ti le base
and barrel origin. In add ition , the chamber cross-sectional area at the posi-
tion of the projectile base is greater than the bore area, while the code

assumes they are equal . Therefore, during the calculation of the growth of

grid NGX , a volume equal to the chamber cross-sectional area at the initial
position of the projectile base times the projectile travel is added instead

of the actual volume displacement of the projectile. The code input para-

meters that specify the gun chamber were revised , as shown in Figure 9 so that

the projectile base lies at the barrel origin and the chamber volume is m i-

tially correct. These changes eliminated the pressure discontinuity as shown

in Figure 10.

3.3 AREA UNDER PRESSURE CURVE

While the results shown in Figure 10 indicate that the peak pressure

agrees closely with th~ experimental value , the area under the curve is in
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error. The pressure fall off after peak agrees quite closely with the

experimental curve and the pressure rise portion agrees fairly wel l. The

problem appears to be th e failure to reproduce the hump correctly.

Elimination of the pressure spike had no effect on this problem

so several parameters were varied to determine their sensitivity . The para-

meters included projectile moment of inertia , boundary layer growth coefficients

and propellant combustion characteristics. The results of this study are

shown in Figure 11 .

Projectile moment of inertia and boundary layer coefficients had

virtual ly no effect. A study of propellant combustion in a closed bomb at

Calsp an , Ref. 14, indicated that the effective burn rate falls off drasticall y
near burnout during the sp l in t e r ing  process. An approximate representation

of this fa l l  off  as compared to the resul ts  of Ref .  14 are shown in Figure 12.

Use of this burn rate curve during the splintering process caused the pressure

curve to narrow s l i g h t l y .

Re ference 14 also suggests that  ‘low burn rate exponents may , in
fact, not be accurate. That report shows a nearly linear increase of burn

rate with pressure until the fall off near splintering. Strand burner data

for Mi propellan t, which gives a pressure exponent of 0.91, was used in place

of the Picatinny Arsenal data , which had an exponent of 0.654. The shape of

the peak and fal l  off regions of the computed pressure curve agree extremely

well with the experimental data as shown in Figure 11. The peak value is a

little high and the initial rise is more gradual . It is felt that a sli ght

adjustment of the burn rate parameters and the projectile shot start pressure

may eliminate these areas of deviation . Therefore , it does appear that use -

of closed bomb burn rate data wi th a low pressure exponent may be a cause
of the excessive width of the pressure-time curve.

It was noted by ARRADCOM that the pressure curve generated by the

105mm code became narrower after the modif ications descr ibed in this report
were incorporated. These changes have not been incorporated in the 155mm code

at the writing of this report . It is conceivable that the basic formulation of 
- .

th e 155mm model also contributes to the excessive pressure curve width.
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SECTION 4

EXPERIMENTAL /ANALYTICAL CORRELATIONS

A series of eight spec ial lots of Ml multiperf propellant, designa ted
PAD-PE-49O-l-A through H for use in the 105mm howitzer were prepared for the

purpose of determining the incremental effects of var ious phy sical , chemical ,
and operational factors on propellant performance. This knowled ge will be

used to help formulate the quality control package to be implemented for the
continuous propellant line at Radford Army Ammunition Plant.

The variable factors were quantified in terms of input parameters
requi red by the 105mm howitzer code . Burn rate parameters were determined
from closed bomb tests conducted at ARRADCOM . The BLAKE code was used to
generate the required energy and equilibrium gas state parameters from chemi-

cal ana lysis information . Other physical data such as grain dimensions and

density were obtained by the propellant manufacturer and appear on the descr ip-
tion sheet for each lot .

The appropriate input parameters are given in Table II for each

special lot (A-H) , the reference multiperf lot (68-051), the single perf lot

(68-108) and the black powder. The burn rates for the multiperf reference

lot and the single perf lot were assumed to be those given in the CPIA-M2

manual (Ref. 15). The black powder burn rate is that given for low pressure
in Reference 16. Black powder energy and state parameters represent combina-

tion of values from Reference 16 and some unreported closed bomb data at

Calspan . Other program inputs are given in ?~ppendix C.

The results of these calculations are compared with experimental

firing data obtained by making the special propellant into M67 charges and
firing an Ml projectile from an M2A2 105mm howitzer in Table III and Figure

13. It is seen that the eight special propellant lots fal l into two groups 
-

according to perforation diameter, those with large perforation diameters
giving substantially higher performance than those with smaller perforation
diameters. In general , the computed results for lots A-D are higher than
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TABLE I I I

COMPARISON OF COMPUTED AND EXPERIMENTAL
105MM HOWITZER PERFORMANCE FOR EIGHT LOTS

OF SPECIAL PROPELLANT

Peak Pres sure 1 Muzzle Velocity
Psi - Ft/Sec

Lot - _____ 5. - - -

Comp. Exp Comp . Exp .

A 30400 . 28800 1482 1443

B 34300 31000 1533 1491

C 32700 30000 1516 1484

D 35500 32400 1547 1510

E 45600 41700 - 1591 1583

F 46200 45300 1603 1605

G 49400 46400 - 1615 1614

H 51400 47200 1624 1618

REF - 
28800 34200 1454 1532

- 5- - - 
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the experimental results, with respect to both pressure and muzzle velocity . 
-

For lots E-H, the muzzle velocities are fairly close but the pressures are

slightly higher than experimental values. The reference lot was not close ,

likely the result of a poor assumption for burn rate. Since the burn rate

was assumed for the reference lot, this deviation was not pursued.

The calculation accuracy of the 105mm howitzer code is somewhat

limited by the quality of the input parameters supplied to it. Barrel resis-

tance and other parameters are selected on the basis of the code providing
acceptable results . For these runs, an attempt was made to select a common
set of parameters by getting peak pressure and muzzle velocity to agree for
both lots A and F. Some of the computer results generated during this attempt

are shown in Table IV. As indicated in that table , the attempt was not 5- 
-

successful. It was not possible to spread the difference in muzzle velocity
between lots A and F to the required 160 ft/sec and still incorporate the BLAKE

and closed bomb generated inputs. Therefore, the performance results ass igned

to the special lots were determined by selecting code parameters that matched

the velocity and peak pressure of lot F with the experimental value. Indeed ,

lot F is close to the experimental curve .

There are several comments that can be made regarding these results.
First , the failure to obtain a measured burn rate curve for the single-perf

propellant introduces a source of error immediately. As shown in Table IV ,

it can have a large influence on muzzle velocity and particularly peak pressure.

It was noted previously that the computed results from the referenced lot

were probably erroneous for this reason. It is suggested that propellant - 
-

charges containing propellants from these lots (68-051 and 68-108) be dis-

assembled and that closed bomb tests be conducted with the powder. Then these

calculations should be repeated replacing the assumed burn rate parameters with - - i

measured ones.

Secondly, it is noted that differences in grain outside and perfora- -

tion diameters of 0.001 or 0.002 inch have a large impact on computed results .

A decrease of 0.002 inch in perforation diameter dropped the computed peak

50
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pressure by nearly 3000 psi and the muzzle velocity by 11 ft/sec for lot F.

It is expected to be even greater for lot A where the perforation diameter

is less than half of that of lot F. Therefore, it is suggested that extra

care be given to characterize the mean and standard deviation of perforation

diameter in the same manner it is done for outside diameter and length.

Fina l ly ,  results being developed under the auspices of the JANNAF

Burn Rate Workshop indicate tha t closed bomb resul ts are not adequate for

use in computer codes. Computed burn rates from a current workshop data

reduction exerc ise indicate that loading density has a strong influence on the

burn rate curve as shown in Figure 14. In essence , the effect of loading

dens ity is believed to place the propellant grains at different pressure

levels for a given percentage of surface recession . Thus, effects of combus-

tion variations at different locations on the exposed surface, i.e., in

perforations or on the outside surface, become apparent. This is an extremely

important phenomenon that must be understood if the model can be made to

become a predictive device.

Therefore, the results of this program can be summarized by stating :

1. The model has been definitely improved through reformula-

tion and by giving better theoretical basis to its

inputs.

2. The model is still hampered in its usefulness by

inadequately defined input parameters and an unusual

lack of understanding of cer tain basic combustion
phenomena.
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APPENDIX A
NOMENCLATURE

A Cross-sectional area of elemental volume

Constant volume specific heat of combustion products

D Drag force over the length of an elemental volume

e Gas s tat ic  internal energy

E Gas total internal energy

E Total static heat contained in gas generated during combustionchem
Static or therma l energy contained in solid propellan t

E~ Sum of thermal and kinetic energy of sol id propell ant

Rate of gas generation during combustioncomb
iii Gas entering elemental volume through side walls

Propel]ant entering elemental volume through side walls

Nu Nusselt number

p Pressure

Heat transfer to prope l lant surfac e

Heat transfer to chamber wall

R Gas constant

Re Reynolds number

Sp Prope l lant grain surface area

T Temperature

t Time

u Gas veloc ity

u~ Propellant velocity

u Velocity in x-direction of gas entering volume through s ide wall

u Velocity in x-direction of propellant entering volume through side
5 - p  wall
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Propellant grain volume

x Coordinate along axis  of elemental volume

Ratio of specific heats

4x  Length of elemental volume

Porosity

p  Gas density

Propellant material density

Compacted , propellan t bed stress 
-

-e
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C PUT IHL IOltt L I L ,~C5I TY INTO A R~~A r f-I ;IP.G FOR JSE IN TI- C PMT h
C SUhI’~~1-i Iiic.S.

N’ 190 .J = 1 .~:ui
[‘0 191., 1 i, I \GA
PHIb (.(1,J) )-~1 I t c G ( l , J )  + F 1-.I-U.~2 ( I , J)  + frI”JbP (I,J) — 2, 0

19f C C l ’ i I I~sUE
C P A I l  SU1 OUliis.F~~

Xi = —0* 
-

C
[- C - Z~0i ix
1~(, ~, C 0  1i~~ i ,2

Il- A I I- i ’ d h ( I A , IP )
C-C IC- (20i ,~~O~~,1U5,~~0q, 2 u5)  IF~4

201 Cl -IL A x I S

C.L) T i  3 o.j

2U-~’ CML L A~~lT2
CC) TG 300

2~~-~ CALL US&JRA ~ 
- 

- .

i-u TO ~ U 0
20~ C A L  I F- SL R 12

Lu TO ~ c,O
2(~b C A L i .  h S UNT2 - - .

f u  TO 300
‘OO C Ol ’iT 1i~uE

C
U L 1 1) Lil i~i ( I - ,L)’ , 2)

~1UUI— 1 1)= 1,PL.t ; l(aCA,~~
) 

- 
-

IFhOU(1 ) b11 &J F i T L ( j j G X , 2 )
C -.
C F I X  u l i b A l  PI’lR- SO T~-IA r IT L I L Y kEI - ’RE SE i~TS P U R O c I T Y  OF rF-E
C PKOPLLL A I-T A Nti  i -UT THE IOTAL P 0 i O S 1 T Y .  - -

f~0 .~1u ~J:I~~’GI- -

L”C 3 10 1~~i, ’aG* -

62
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BESI

PH1U((I,J) = PhIh~, (i,J) + 2.0 — Pt1I b P( l,~~) — PHIFG2( I , .J )
- - 310 CuI~lit’~UL

C- .  C * * * * * * * * * * * * * -* * * * * * * 4 * * * * * * * * * * * * * * * 4 * * * * * * 4’ * * * * * * * * * * * * 4 * * * * * * * * * * * * * *C BA RF’ LL SUF3R O UTIPsI S
C *************44******4-*************i~4 ***********4 ******4 ***************
C

IF (~~X .L l  • 2 1 Lu l U  350
CAL L c’I~ li-iI F ( i s ~ • C T . ;9XSA ~~1) CALL bt- .L-L Y r(
CALL  khC’JH
CA LL  PRUPi~u

3EC CC- ~ I I~)uI
CML L MOh IC I ’ - -

C - -

C
C*****4**********-+*******4*****#****t-4-*4***4*4******4 4****~~*s******* 4**4
C Ut — L A ft Al’ ~

) I- i t  I- F
C* * * * *s * * *  * 4 4*4 *  * 4 * 4 * 4 * 4 4* 4 * 4 4* 4 4* 4 * 4 4*  4 * 4 * 4  4-i * - i -* ** ** *** * *-* *  * 4 * 4 *  *4 *  * *4*
C

lF(i~X .LT . 21) uO 10 380
CALL I~~E~i~~J X

Ri- - Il  .T F u i ,
C

3L~ CCNT1NUE 
- -

irLL UP[~~lLC
IF ( ‘ I— — ~OE ) .L T .  ALB AR ) t- .i -

~~~~ 391i
Slot-’

C
390 CC’ i\ ’TINU E

1F(l1i~E. •Ll. ii- ) 60 TO ‘100
t~- i - I 1 L ( 6 , 2 C C~~

) i~ . ME
ST(JI—

C
‘100 T11;L = T I P E  + hEL l

IPRINT = II~i-~I’~a1 + 1
- OC I C  i t

C
C

1O~) O F 0 R N f ~T ( 3 ~~L 1)
7Ofl (~ FOF’~-i A t ( ’  Tii’4 E =‘ ,E13 .7e ’ Su ~ E STOP’)
20G2 FORi” A T ( 1~It j , 5X ,3b L3 )
20133 F O I - i’i / l (l ii ,*ARI - ( /eY 1UE8U (4*)
20014 FOR,b lp I (1HI,,5X, * 1 2 3 ~ ~. 7 ~ 9 10 11 12 13 1’4 ~~~ ‘ 16 17

I f  I~ e Q  21 ~2 23 214 2 2t ~ 7 2~ 29 30 31 62 33 34 35+ )
El”

63

_ _ _ _ _ _ _ _ _ _ _ _ _ _   ~~~-.~~~----‘�~



_ _ _ _ _ _ _ _ _ _  - - ~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SUBROUTINE AI~LA S

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
! A IsLACH , A R LA C ( b 0 )  ,Jt~NiT ,C’LU,L~IAt~1,UiI,h~~,UIS1 ,i’1~~2, fl1S~~,L,ISq
$ Ak[AR (6U),AI-LA/ ,LHAM 1,CHAI-2,CIIAl3,TUPC~A 1-,ANFA 6I’(60).U’~VC ,
$ AR [AH2,0II,r-’Pl ,L,LLEWf1,l3EL t-’~~~,1PS1,1I~~~~,k,,tst’S,~~PIGl’

COMhON/ EQ NS/ t3TD X , T2 L) R ,T2L )X ,T ’~OT Lj R,DT[f l ,h l’b ,  I,~O ,UV A g IS , r)?Ij AXI1 ,
$ OA,UR, NX ,bJ,i -~.OL)T,HbP
COl’I-iOIs/P/J1-’IlI$- i , - -1UCh,MO D( ,I I1,IL)EEU6(3’~i)
LOGi CAL I ( , l ’ s i T , L s L U , C H A M j , C HA F - 2 , C HA P 3 , b R i ( , l 4
L OGI CA L  PRI~., I i LuLG
IJATA PI0F /.7~~b39a/

C
C SUbFiljL jTIr~E ui~1A5 cA L C U L A 1 E S  ChuS~~-SI CTICl~~~L A~~L 11 S AND V ’)L UFIL
C I N C F L f - I F J T S  I 4 S S U L 1 A I L U  W I T H  T i l L  CH A l ’- l -I L R .
C
C
C * * * * * * *** * ***4** * * ** * * * * ** * * * ** *** * *** ** * ** * * * ** ** *** *4* * * *** **4  *4 * 4
C * i’jOlL THA i Fue4 10~ l’~M PROORMM CHA F 2 15 ALWAYS TPUF
C * *C * * * * *- * * 4* * * * * * * * * .* * * * * * * 4’ * * * 4 * * 4* * * * * * * 4’ * * * * * * * * * * * * * * * 4 * * * * * * * * * * *
C Mf - LAA X - ARE~ CF BELL iGNIT ER TUBE.
C s~f l L A 6 P ( I )  - MiI1\ OF GAP IT  TOP OF CHAM BER AT A X I A L  GRID I
C A}-~LA C ( I )  — A~~~~~ A OF E N T I R E  CH/” ibER MI ,~X I A L  G R I D  I ~ HEN CHMF’ EER
C L3LCO~ E.S ONE D I M E N S I o N A L .  SO T hAT CA LCU LATIO F%S IN A X I S  GO
C S M OOTHL Y ,  A R EAC ( I) IS I t - I T l A L L ~ ~L1 To i.o IF CIIAM~ IS
C TRUE MNL uR - EA A X OTf-l El-i i~Jj SFi .
C ~

j
~L~~~( 1)  — AF -Lu OF Ei’JT1i-iE LrIAPILW R l”IbJUS THE BELL II ,i-~1TEj i ILEE

C A l AX iA L  GRID I IF CHA - ’;l OR ChA r’12 1~ TRUE. IF LHAM3 15
C TRUE, ,ThLMbR( I) IS ALSO SU BT KA C 1€Lj .
C A R L A C ( J )  - GE j [ R M L I Z E U  A REA OF RA t ~1AL ~R1D J, USEC F~~C SE TT ING ~UPIMY CAt(RLL. I,RID 1. 1--NOPIR T1ES, IF CHS\~~ IS
C TRUL hr~L/U~(1) IS M~i-AA ,.  Ai-iD Ar~E M G ( 2 )  IS A R E A R ( N b~~).C II- C) IAM6 IS TRUE ARE/ - C (1) AND MR LMG (2 )  A I— E. It-IL SAME A S -
C WH L.’J CHA M2 IS TRUE AR ’ ) A R L A G ( 3 )  IS A R E A G P ( l ’~G X ) .  IF CF11l ” l
C IS TRU E., / .Fi EAG(J) IS SE1 USiNG DR.
C /1I LA CH — A R L A G (1 )  + • . . + A R EA G (N G R )
C IF CHAN1 IS tRUE , ANEA 6 IS ttS~ n FÜR MAI~INU THE CHAMBER oi~E
C DIMENSIO NA L AT [VE RY I. IF C t-$ ;~l”2 IS TRUE , A R EAAX Ar- fl A N Et % R ( I )  11RE
C US~ L A l  6R 10 I . IF CHAPi3 IS il-WE, A R E A G P ( I )  IS AL SO LS~ U.
C FOR UOTMIG Ar JL hUINIBG TERMS VULUME INCRE~~EN1 S ARE NFECEO.
C U V A X I S  - VuLui~iL INCRIMLI-iT OF GRIDS FUR J 1.
C UW~X I T  — V O LL~1E IIaCREPIEI-s 1 OF LI- lOS FOR ~ = 2. DV ~ X I 1  WLU LC . -

C NEED TO tIE AN A R R A Y  FOR CFIAM2 OR CHAM3 TRUE BUT I I  IS I~OT
C NE EUEO It-II t’l.
C
C

A R E A A X  PIUF*OIAMbT* DIA MBT
C

64
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I
I

C CA LC IJ LA1 L A R F A Y  A REA C ANt ) I-Ror ’ i II t ,ET A R LA I(
= 0 .0

C
C
C **- * 1111 CHAR B EF- DIArILT EK D6-C PEAS 1.:S LII’JE ANLI OVER DIS1 FROM UTA M 1 1C
C *** O1AI’2 .  - 

- -

C
SL( I~E = (L ’IAF’ i — U I A M 2 ) / U I S 1
DO ~7u 1:1,IIOX

- - L)1AM UlAhi - SLO F’ E*XB
A RLAC U) = PI(j j -*DIAM*OIAI- ”

I F I  Xti .GT .  U I S 1)  liD TO 2~~0
270 CON1Il~-uL

C
2P1) NG F ’l = N~i~ + 1

C * p* S~~~ MFit A l . ( r~,bi~1) TO DORLA FUR USE IN AX 11~ APa1J PROPE L
AR FMRING P1) BURLA -

C
00 660 1 1,WGX

AR E J I R( I )  A P L A C ( I )  — A I- ILAAX

360 CONTINUE
C
C *** A K E 1 C 1 M ~P1) Sliuu~.D iaOT BE NFEDELI P.PiYW L-IFR L. SET IT TO A LARGE
C NE(~A T IVE t.W- E’Eft To CATCH iu-- Y PLACES wi if,~L iT IS £‘EFIj Efl,

AKE A C (NGP1) = —1o. E-+15 
-

C
00 411., 1 = 1 ,i~bX

A I (EAC( 1) A R EA A X
410 COIJIIMUE

C
C *** A R E A G ( 1 ) ,  A N EA G ( 2 ) ,  AND I~RLACH SHOULD 101 BL NECC ED ANy~ HERL.

A l FhG (i) = —1LJ.E +15 
-

ARE uG(2) = -16.C+15
-10.L+15

DVAx I S  = A R C A A X * O X
C
C

500 CON TINUE
C

I F ( . N O T .  I L L I 3 U G ( 6 ) )  R E - TU RN
W R IT L ( 6 , 2 0 0 2 )
W R 1 T E ( € ~,2 OJ~~

) (A REA R( I),1 1,rvGPl )
WRITE ( 6, 20
, i R l I [ 16 ,2 0 03 )  ( A R L A C ( I )  ,1 1,NiiPl)
W F<IIL I6 ,2 O 0 t ~

) (A R L A G ( I ) , 1 1,l ’ J GR)
RI TUR i i

C
2002 FO F I i A l(/ / / , ’ A RRAY A REAR’ ,/ /)
2003 FORhP I(9X ,1UF11 .7 ,/ )
2004 FO PNA T I/ / / , ’ ARRA Y AREAC ’ ,/ / )
2005 Fo R r - A T ( / / / ~~’ A R RAY A REA b ’ ,/ / ,20X ,5 F1 I .7 )  -

i N D
65 
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SUE-ROUTINE A X I S
C IX Is 1. hE-RI, 1R IS J

C0I~hON/AV GOT ,Ri lOTD T ,PHlRI 1o ,pHj AV E: ,RHOAVE ,UHGAVE ,UPBAVE,
$ L iT D’ I ,VBGAV E,V ) LJ T

COMMOI\ 1/CHA FI/ I ,J ,XB,R B, l’JGX ,NGR,JUE.G B,1 Et i DB, IRATH (6 O ,5 ) ,ARE A G ( ~~),$ A R EA C H , M R EA C - ( 6 ) , IG N IT ,O NL D,O IAF - ’i 1 , D 1A M 2 , O IS 1, D 1 S 2 ,D IS 3 , D I S4 ,
$ A KEARI 6O ),AREAAX ,CHAM1 ,CHAM2,CHAM3 ,1UPGAP ,AHEAGP( 60),DAVG ,
$ A RLAH 2 ,D1A I1BT ,RELEND ,BELF j [G ,IPS1 ,IpS2, RA0F’S,BPIGF~
COMeiO N/CL O LK/TIME ,DELT
COr’MON /LQN S/DTDX,T2UR ,T2DX ,T~ OTL)R,DTr )H ,HMu ,rWc ,&J ,DvAxIs,fl vAx I1 ,
$ L-J’~,DR,NX,GJ, l~~UUT,HBP

COT’ V~-ON / GASC ON/ RU ,RRO ,CUO ,CV I i  - -

COMI- -ON/U AC -/ PHI UG(60 ,5 ) ,  Rt- 10B6(6u ,5) ,  HbG(6 0 ,5 ) ,  UBr~(6 O , 5 ) ,
1 V lj G (6 Q , 5 ) ,  UPB(6~I,b), PCH(61J ,5 ) ,  Ts~C ( bu ,~~),2 L)O TMIC~(6 0 ) ,  GiOA(~(6 0 ,5 ) ,  X D R AG ( 6 0 , 5 ) ,  DOT M B(60 ,5 ) ,  UPBOT (6 0 , !) ,  

-~3 PI-I1BT I ) (6 0 ,5 ) ,  RHOBTD (60 ,5 ) ,  l-1 BGTD (60 ,5) , URGTD (60 ,5 ) ,
14 V P6 TD (60 ,5 ) , 1U(~~6 0 ,5 ) , DOT M B G(6 O ) , D OT M P (6 O ,5 ) , P H IBP (6u ,5) ,
5 Pt-’IPTD (60,5) ~1ZR (6O) ,TBP(60,5) ,PHI2TUI 6O ,51 , UPP2 (t~0,5),
6 T Z N 2 ( 6 0 ) , T Z C 2 ( b U , 5 ) , P H I B G 2 ( 6 O ,5 )
LOGICAL IGNIT ,O NLO ,CHAM1 ,CBAM 2 ,CHAM 3,BPiGr g
CATA ORAV/ 32.16/

C
R6 0.0
Xb ~B +DX

C - - -1
CALL GSPRCP (H0 ,RRO ,R ,CV O ,CVH ,CV ,PCH (I ,J) ,t-IBG(I ,J) ,TDUM ,

$ RHO BG(I ,~J) ,U&6( I ,J ) ,VBG ( I , ,J ) ,GAr , ,CP ,2 )
= (LAM - j .Q)/TWOG ,j

IPI I+1
XMl = I —1

C -

C
C IN THIS SUBROUTI NE PHIUG REPRESENT S THE- TOTAL POROSITY, r~OT JUS1
C POROSITY OF THE- PROPELLANT .

F5 = PH1BC~( I ,J )  -

= AREAC (I) ‘

62 = HHO B6(1M1,J )
64 ~ HOB6( IP1,J )
65 = R H O B G ( I ,J )  - .  

-

= , ,2* UbG( IMX,JJ
l.3’l*U 136(IP 1,J) - -

ES 65*066(1,1))
H2 = PHIBG( IM1,J)  * A R E A C( IM 1 )  * E2
H4 = PHIHG(IPXtJ) * ARE PC(I P1)  * E4 

- -  - 

-

P2 PCH( IM1~~
)) 

-

P14=PCH (IP1 ,J)
P5 1-’CH( I,~J)
A2 AR EAC( IM1)
A + A REAC(IPI. ) 

~~ I -~EI2 HBG~ IM1,J)-PCh(IMl,,J)/ti2/778.O
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T
- -  

EI~4 hF3G ( IP1,J)—R CH( IP1,1J)/64/778 .0
• EI5 Hb G ( I ,J ) - P5/ G 5/ 7 ’ a , O

C2 G2*EI2
C’e G’4*EI4

C5 b5*E15 -

C -

PHIAVE (PH1B6( IM1.J )  + Fb + F5 + PHIbG (IP1 ,J))*0 .25
RHOAV E = (62 + 65 + G5 + L14)*o .25
UBGAVI = ( U B G( I t i j , J )  + U136( I ,J)  + UB G( I ,J )  + UBG( IP1,,J ))*0 .25
V8 GAV E 0.0
UPBAV E = (UPB (IM1,,J ) + UPB (I ,J) + UPEi(I,1J ) + UPB(IP1,1)))*0.25

C
PH1TDT = PFIIBTO(I,J) + PHI2T O ( I ,J )  + PHIPtO (I ,U) — 2.0
KHC’lDT ( F5*RHoA~ L - T2DX s H’1 — H2 )/Ab + OELT*DOTMIG~~fl/ DV A X IS
$ + OOTMB(I,J) + DOTM P( I ,J )  )/ PH1T DT

PHIRHO = PHITO1 *RHOTDT
TERM O ,0 -

IF (L,OTMIG (I) .LT .o.O TERM 1.o
C

0101 = ( Fb*(12 + Eb + ES + E4 :t*0.25
1 - 120X*(H4-*U136(IP1,.J) - H2*UBG(1M1,J)
2 + GRAy * A R EA C ( I )  * PHIBG (I,J) * (PCh(1P1’J)
3 - PC I-l (IM 1 ,JJ ))/A5
* +D(LT*OOT I’UG(I)*UI3G( I,1) )/ OVAX 1S*TE RM
‘4 + DOT MB ( I ,J ) * UP( 3 ( I ,J )  )/PHIRHO
IF ( ABS UIOT) .LT . 0.1 )UTOT 0.0

C
VIDT = 0 .0

C
IF PH1AVE . L1.0.999)CA LL D RA G (X DK A&( I , U) , . F AL S L , , I ,J )

C
HIGN = 1-i136(I,1) -

IF ( DOTMILII) .61. 0.00001 ) HIGN Hb (j (I,2)
C 

-

(TDT (F5* (C2+C5 +C5+CL I)/ t l- . 0
S—12UX* (H4*LI4+A14*P4/778.0* (PHIBG (IP1 ,J)*UBG (IP1 ,,J )
$+ (j.O~ p IlIhG(IPj,J))*UPB( IP1 ,J))—H2*EI2—A2*P2/778.0*
S (PRI (IM1,,J)*UBG (IM1,J)+(1 .U .PHIBG (IM1 ,J))*UPB (I1’ ,l ,1J) ) )/A5
$+IDEL T* (E)OTMIG(I) /DVAX IS*HICN-QbA G (I,J))
$—XF ;kAG(I ,J)*U Pb(I ,~i)*DELT/778.0
$+OOT M B( I ,J ) * ( HMB+ UPB(X ,J )* *2/ T W OG J )
% + D O T M P ( I , , J ) * ( H B P + U P B ( I , J ) * *2 / T W O 6 J )  ) / P l I I R H O

CALL GS P R O F ( H 0 , R R O . H , C ’ J 0 , C V H , C V , P N ,  ETDT ,T DUM ,
$RHO1DT,UTDT,0.O,LAI’,CP,1l)

H B G T D (  I ,J) ET LiT+ PN / RHOTDT/7 ?8 . ( )
C

RHCtsTL)( I,J) = RHOTOT
uLG ro c I ,J) 0101
V b G J O ( I ,J )  = VIOl
RETURN
END
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SUBRO UTINE- AX IT2
C SUBROUTINE - AX IT 2 15 CALL ED FOR GRIDS IN THE 2ND RAD IAL ROW WHE~
C THE. CHAMBER HAS ~ SEPARATE ONE D1MENS IONuL ROWS .

CO MNON/AV OU T/ RFIOTU I, PHIRHO , PH IA VE , RHOA VE , UBLAVE , UPRA VE ,
$ UTDT, V BOA V E,VT [ ) T

COPIPION/GR IONX/ L)X PRIM
COMMON/CHA M/I , j  ,X(3 ,RB,NOX ,NGR, IBEIj , R, ILNOB, IPATPI (fO ,5)  ,AR EA G ( ! ) .

$ ARLACH ,A REA C (6O ) ,IGNIT,Ol ,iO ,DIAM1,DIAt-~~,DIs1,DIS 2,D~ S3 ,D7Sq,
$ Ak [AR (60),AHLAAX,CHAM1,CI-1AM2,LI-4AM3,TOPLAP,AI (EAGP(60),CA V 6,
$ AKLAH2,DIAMUT,BELEND,BELBEG,IPS1,IPS2,RAL )PS,BPIGN
COMMON/CLOCK /TIM E ,DELT
COMMON/ LQNS/D 1DX, l2UR,l 2DX ,TwO T 0 R , DT DR , HMB ,T WOGJ , D~,A X IS , f l V A X IT,

$ UX , DR,NX , bJ ,T W ODT , HBP
COMMON/GASCON/ RU ,RR O ,CV O ,CVH
COMM ON/ E4AG/ EHIBG (6 D,5) ,  RHQ BG(6 0 ,5 ) ,  HUG(6 0 ,5 ) ,  UB G(6 0 , b ) ,

1 V BG (6 0 , 5) ,  UPEj (60 , 5) ,  PCH(60 ,5 ) ,  T Z C (6 0 , 5 ) ,
2 L , O T M I G ( b 0 ) ,  ( I B M G ( 6 0 ,5 ) ,  X D R A O ( 6 0 , 5 ) ,  DOT M B (6 0 ,5 , U P E 3 O T ( 6 0 , E ) ,
3 PHIBT O (6 0 ,5 ) ,  RFI(JBT D(60 ,5) ,  I- I EGT D(6O ,5),  U~IGT D(6 O ,5 ) ,
4 V BG TD(6(.s , 5 ) , T BG(6 0 ,5 ) ,oOTM BG(60) , 00T M P(6 0 ,5) ,PHIAP(60 ,5 ) ,
5 PHIPT O (6 0 ,b )  ,TZI ’ l(b0) ,T BP(60 ,5 )  ,PHI2T D(60 ,5) ,  UPR2 (60 ,5) ,  - -

6 TZR2 (60) ,TZC 2 (60,5) ,PHIBG2 (6D ,5)
LOGICAL IGr ,Il , OF4ED ,CHAM1 ,CHAM2 ,CHAPI 3 ,BPILN
DATA GRAV/ 32.16/

C
C
C SAVE DX,  CHANGE It) UXPHIM WH EN 1=NGX, Nx=1.

DXTL MP DX
IF( L.EQ.NGX .AN D.NX.L0.1) DX=DXP R IM
T 2 O X D EL T /( 2. 0* D X)

C 
- H

CALL OSPROP (R 0 ,RRu ,R,CVO ,CVH ,CV ,PCH (I,J) ,HBG (I,J) ,TOUM ,
$ RHObb(I,1)),Ub~~(i,J),VBG (I,J),GAt1 ,CP,2)BUGLER = (O A T ’  - 1.0)/TWOGJ 

- 

-

IP1 = 1+1
XMl = I — 1

C
C
C IN THIS SUBROUTINE PHIBG REPRESENTS TI-IL TOTAL POROSITY, t~0T ~JU S l
C POROS ITY OF THE PROPELLANT ,

F5 PHIBG(I,J)
AS = A I t EAR( I )
62 RHOBG( IM1 ,J )

RHOB G (IP1 ,J)
G5 = FcHOBL (i,J)
E2 = 62*UBG (IM1,J)
(4 = 614*UBb (IP1.J)
ES = 65*U13b(I,J)

= PH19G (IN 1 ,J)*AI (EAR (IM1 )*E2
H14 = PHIBG (IR1,J)*AREAR(Ip1)sE4 -.

P2 P C h (I M ] , . J)

68

- 

i

i

____________________ —4



- -

- I
P4 PCF-(IP1 ,1i ) -

A2 AKE AR(IM1)
A4 ARE AR( IP1 )

- - A5 A R E A R ( l )
EI2=HBL(IM1,J)-P2/Ga/778.o
EI’4 HBG( IP1,J )—P4/ Oq/778 .o
E15 Hb6( 1, 1)) -P5/ 1,5/778.0

C2 62*112
C14 0’4*EI4

C5 G5*E15
VO L A R L A R ( Z ) * t j x

C
PHIAVE = (PHIHG( IPI i ,J )  + F5 + F~ + PI-,1bi (IPI,J))*0.25
RI-IOAVL = (02 + t ,5 + 65 + G4 ) *0 .2 5
UBCA VL = (L iEsG ( IM1 ,J )  + UEiO(I ,J ) + UBI3II,1J) + UBG( IP1,U)) t0 .25
V BC MVL = 0.0
UPI~- A V E = (UPB(LM1,1) )  + UPU(I,J) + UPB(I,J ) + UPFUIP1 ,J))*0.25

C
PHITOT = PHIL-iD(I,J) + PH 12 T C ( I ,J )  + PHIPr( ( I ,J)  — 2.0

RHO TDT = FS* RHOAVL — T2OX * ( 1l14 — 112)/AS
1 - OELT* ( DUTMI6 ( 1)  - DOT PIBL ( I ) )/ VU L
2 + t iO T M) i ( I,J ) + DO Tr~p (I,J) )/PHITDr

PHIRHO = Ph1IUT*FU-IUTLIT
TERM1 O.0 -

IF (UOTM IG (1).OT. 0.U)TLRM1 1,0
TLRP’2 0 ,0
IF ( U O T M L 3 G ( 1 )  . L T . 0 . 0 ) T E- R M2 = l . o

C
UTU T ( F5* (L2  + Lb + ES + [t4)*0.25

1 - 120X* (H4* UB6( IP1,J )  - t1 2* UBb ( IM1,J )
2 + GRAV A RIAR (1) * PHII3u(I,J) *
3 ( PC H( 1 P X . 1) )  — PCH (IM1,J)))/A5
* —DE -LT * (D C1MXt , (1)*UBb (I ,J )*1ERh1— (DOT~-i Otl )*UBG (1,J )*TLRN 2 ))/~JOL
14 + L OTMB(1,J)*UPI3(1,J) )/PHIRH(~
IF I AbS (U1 0T).Ll . 0.1 )IJTD T 0.0

C
viOl 0.0 -

C
X F ( P I -s 1AV E ,L l . u . 9q 9 ) CA L L  C R A G ( X U N A C ’ ( I , l J) , , FA L S E, , I ,J )

C
hIGN )-l t3G (I,l )
IF ( OOTM IL( I )  .GT. 0.00001 ) I-lION HBL ,t1 ,2 )
HI J GN = H8t (i.2)
IF (UOTML-G(I ) .01. 0.00001) HFI (N HBC’(1,~~)

C
ET DT= (F5* (C2+C5+C5+C ’ 4 ) /14 • ()

$ — T 2 UX * ( H 4* 1~I4 + A ’4* F4 / 7 7 P . 0* ( P I 1 I B 0( I P1 ,J )* L U B ( I P1 , U)
$+ ( 1 .O—PH IB6 ( IP 1,J ) ) * UPB( IP 1, 1) ) )— H2* E I2— M~~*P2/778 .O*
S(PI-~1B(j ( IM1,J )* UbG( IM1,J)+( 1.0—PhIE~c,( IM1,1)) ) *UpR(IM1 ,i) ) ) )/A5
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$+DLLT* ( (DOT MB ( , ( I)  *HBGN—Li OTMIL (I) *HiGN ) /V OL
$—l~BA6 (I ,J)—XDRAL(1 ,J)*UPB (I ,J)/778.u)
$+DOTMB ( I ,J )* (HMU+UPB ( I ,J)**2/TWOGJ)
S + UO i M P ( I ,J )* ( H~~P+ U P Lj ( i ,J ) * * 2/ T W 0~~J ))/ PI- i l k t -j O

CALL GSFI-(OF( R0 , Ir1 1 1 O , R , C V O , C V H , C V , P N ,  ET UT ,TD UM ,
$RHOTDT ,UTDT .0.0 ,GAM ,CP ,4)
1-18610 ( I, J ) ETDT+PN /11-10101/778 • 0

C
RHOU TD ( 1e1J ) = RHOT OT
Ut3 6 1D(I,J)  UPOT
V b G 1 D( I ,J )  = ~l1UT

C RESTORE DX AND T2DX
DX :IJ X TEMP
T2CX DELT/ (2. 0*0*)

OR N
END
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SUBROUTIN E BARSE T
COMl~ON /DE1NX/ NA SA VE
CO OFJ/C HA/)/ Ix , IN,XB, RB,Nb) , NO R,IBL.GB, I IN1) B, 1pAT 14(60 ,5) ,A KEA G( !) ,
$ A R LA CH ,AREA C I 6 0) , I G N IT ,O~~lE D ,O IAM l , U 1 A t’2 ,O ISl ,D I !~2 ,PIS3,01Sl1 ,

$ P R EA R ( 6O ) ,A REA A X ,C H A T’ 1, CHA N2 ,C HAM 3 , 1 O P GA P ,A R EA C ’P (~~,0 ) , L A V C ,

$ AKEAH2, (IAMBT,bLLLNJ,bLLBLG,1PS1,IPS2,hMDI~S,flP1&Pl
CoMMo N/BARPL2/ ~ Up EA , XP , y P, I Ol-’ED, BORER , BOK E -Da , (IT2PU , fl lDSw , X L bAR
COMM ON/CLOCK /T IMI ,DLLT
C O M t i ON / E Q N S / 0 T D A , T 2 U R , T 2 O x , T w O T O R , D T 0 k , t 1 M~~, FWOGJ, 0VA ~~IS ,flVA X i f ,
$ DX,0R,NX,O1),T~ uOT,HBP

CUMMO N/ LRA1N/ X L ( b O ’ S ) ,  D O( bo , b ) ,  D I I 6 O , 5 ) ’  F-N ,
1 X L) L i(~~0 ,b) ,  DuTU T ( 6 U ,t ~

), [iITO l(60 ,~i), XL1i~ 000, 1) 10,
3X LB( 1 U 0) , UX L 1 . 1 ( l U 0) ,X L B2 ( 1 0 0 ) , UX L I~2( 1 0 0) , L O P( l 0 0 ) , U f lO e  ( 1 00 ) ,
$DOI$2 ( 1 Q 0) ,UO Ot 32 ( 1 c l O) , l JI~

j ( 1 C 0) , UD Ib( 1 O 0) ,U 1 B2 ( 1 C,0 ) , L’ f ~ IJ42 ( 1 0 0) ,C  102,
3 0 0 0 2 ,x L O 2 ,X L 2 ( b u , 5 )  ,0 0 2(6 0 ,S )  . 0 12 (6 0 . 5)  ,X L 2 T D T ( E 0 , c ) ,
4 102 r D T ( 6 0 , 5 ) ,  O 1 2 T O T ( e ~0 , b ) ,  F f 2

Clj MMON/CRA IN2/h~ t31, HMB2i ATP R2 ,  CT2 ,  R1I( P2 , PEXP2
COMr Oi~/GR 1DNX/OA PK IM
CU T ’MON / IN P U JS / C1 , C 2 , C 3 ,r.4,T0,TJGN ,QCON S ,bFiOP ,PHIO ,TF,C’ ,RHOO,

$ I-0 ,P0 ,U0 ,t ,lRhOP ,h~~,DM ,DM 2 ,TIGNBP ,G ~BCU N5 ,lUTM ,0IFFPK
COI MO N/ MOCUN/CON3 ,CQ N4,00N5 ,AREA PB ,Z0 ,ho b ,XOB , F DF4AY ,PT NL R,

$ CF,RA EPB,PMA SS,XI I’JT ,P IPT , l t LO,PLO,CO NL
CO Oi~/P/1F -’RINT ,MO DCH.M0 00R , I -RI1,  IDE-BUG ( 35)
COM~iON/ bAR hL/ I- i ij ( 100) ,  Ri- iOG( 100),  h (( l Otj ) ,  00 (100), U 1 ’ ( l O C ) ,

1 1-0 (100), TG (100) , PM O O T ( i c o ) ,  ~L( t O 0 ) ,  Ut~t~ A G ( 1 0 O ),  F~~~I C T( 1 0C ) i

2 OLO N V ( 1 O u ) , 1 ) u P ( 1 0 0 ) , UPI-sI ( i r )~- ) , U R h 0 G ( 1 0 U ) , UHL( 1O1~) , U U G ( 1 ( 0 ) ,
3 S ’ hA S S ( l O O ) ,  A l~O M ( 1O O ) .  A EJ- iER ( 10~~

), UMMA SS( 100) ,  ( ) A P O M ( 1 O C ) ,
1U AFIgEH 1100 ) , H- 101.)) , UPI-s12 ( 100

LOG ICA L PP11,Ilj[ BUC,
DAT A (

~RAV/ 32.ib/
C

f4A M LLIST/bA RII \ IP/RA O PB,PMASS ,PINIR,C F,X LbA1-1.,
$ PLO,WOa,PlJI~,-~~,XjNT,PINT,ALO ,PLO
REA L ( 5 ,t~A R I NP )
IF (LD LBU G I.7)) i,.RITE( 6 ,BAR IfP )

NXS AVL.
C

RADI~B = RAUPI J/ L2 .
XLPA R = XLbAP /1~~,
W OP = WO B/ 12.
DEPJ H = DEPT H/ 1~~.
~OB = F L O A 1 ( NX  — 1)*ID X
XIN1 XIN1 /12 .
XLO XLO/ 12 .
PZO PZ0*1~ILe .
PDP’AX = PDhAX * 14L4 .
PI1’T PINT*144.
PLO = PLO*114’+ .

C
C
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C****** ******** * * * ** * ****** ** **** ** * * ** ** *** ****** * * ** * ** *** * ** * * * * ** ** *
C CONS TA NTS FOR BARREL SUBROUT INES
C********* *** * ******* ** *** ***** ***** ********* ** ** * * *** * * * *** ** * ** *** *** *
C -

C CON STANTS F UR SUBROUTINE - MOT ION
A REAP B = 3.141b~~j*RADPB*RADPb

CONS = 0.5*DELT*QE~L1
COF ’-6 = (PL)NAX - p~ Q)*AREAPB/I~OH
CON ’ = (PDTIAX - P1IJT) *A RLA Pb/(X 1NT - VJUL) )
FOMAX = POMAX * A REA PB
20 PZO*A KEA PL3
Cl* 6 = I (PIN1 - PLO)/ (XL - U - X INT ) )*A IkEAPU

C
C LNI11ALLY ThE PR~)JICIILE 15 NUT MOVING

XP = XOB
VP = 0.0
OXPRIM 0*

C
C
C CONS TA NTS FOR SUBROUIINE 8~~iLYR

RORLD8 = BLREO/b.O
UlObU = DEL r.Ro,’cEo*BOHEL ,
012UD = -U.5*O LLT/ BUREO

C
C
C CO NS IA NT FuR SUBLOUTINE PROPM0

6TH-tOP = GRAV* t ,LLT/Fi I-IOP

C -

C F INISh TOTA LL 1IlI ,  THE GAS MASS . NOT E T HAT Phi IS 1.0 £‘~
)-

~a .
I F ( N X  .EU. 1) 60 TO 60
IF( NX • [ Q . 2) t 0  11) 25
T OTr 1I 1OT1 -- + ~l - L uA T ( N X  — 2 )  + 0.b )*RhUu*UOREA*DX
60 TO 3D

25 1OTP TOTP - + 0.b* HHUQ*80R1 P* DX
30 CO l- T IN UE

C
NAME.LIST/ BA HC Hr/RA UP F3 • W OB , BORIC)’ XOR ,

$ CUPq3 ,CO N4,CU b,ARLAPB,Xl-~,V P,3C-I ’( LA ,6T khL)P,L3ORER ,bOR EO R,DT LSQ ,
$ UI2 BD,TOT h, X ,00N6,FUiIAX ,Z l, , X IfJT ,X LC- , PZ0 ,PDi’~A X , p L~JT, 1-tC

IF( 1tlE.BUG(1~
) )  W k l lk.- (6 ,UARCH 1- ,)

C
C

C*s s *s s * * * * * * * * * * * * * * * * * * *** * * * * * * * * * * * *s * * *s * * * *-* * * * * * * *****s * * * * * *s *s *
C INITIA LIZ E UAR RL L A R R A Y S
C*$* -p**** * * * * * * * * * * * * * * * *** *** * * * * * *** **** * ** ** ** * * * * *** * **** ** * * * *$* ***

CALL CLEAR (pIII(1) ,UA ENE R (1 (jO ))
I ALL CLLA R (XL ti(1) , UDIR 2 (1 (io))

C
1F(N X .EQ. 1) 00 10 60
CO so I=2 ,NX
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‘~1

RHOO (I) = RHOD
— HG (I) = HO

Ph( I) P0
UG U) = Ut)
T G ( I )  = To
A MA~ S( I) =

— - A M O M ( I )  = DOI~EA
AIN LK (I) = U O R L A
L IA M M S .S(1) = BO RLA
UA T ’ OMU )  hUItt. M
UAENER( 1)

C
C P1~P DOT AND UI HA VE ALREADY bEEN CLEARED
50 CO NT IwUL

C
C SET URLAS Al bAbHl~L GR ID 1 it) BORE AR EA 01- BARREL .
C FOR rhE 1O5l~~ Ris~)c~RAl 1, HO~ LVEH , 511 ARIAS A T BA RPFL GRIU 1 TO
C A R L / t h ( N GX ) .
60 C0N1 Ii’~tJL

A MA bS ( 1) HURLU
UAP’ MSS ( l ) I- ’J C CA
AM Or I( 1)= BURLA
UAr..uM( 1):I-IUREA
AE~- L R t 1  ) BORE~\
UAE NCl ((1)=EuRLI~

C
C
C SIT ALL LNlk L [~ i,,~ A R RA Y S  P 1-i l A l JL LIPIII lu i . U  SC T HPT ~ -IE-N GkI L,~ A l’
C TRIl L WILL bE NO p ’kOf ’ELLANT IN TI-~C~~.
C *** PHI (j. ) A ND UP hill ) ~1LL BE SET 1w MAIi -~ t LF(- i~E A NY BAR R EL
C *** CAI - i.ULAT IOIS.

LID ~ O 1 2~~1O0
&HI(1) = 1.0
UPHIll) = L e o

F’H12(I) 1.0
UPIs12 ( I) 1.U

~ 0 CUNI1i~UL

END
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I

SUBROUT INE HNUL ’VR
C

COMMO N/ HA RRL2/ LiO HL A . X~~.V P, BORE D ,B URER, B OR E-DO, DT2BU , (1TDsO
C OM MO N/ LiE T N X / 1-4 ~ S A V I
cOMM ON /EQNS/DT U X,T2DR ,T2OX ,Tl ,~0T[,R,0TDR ,HMB ,TW OGJ ,DVAX IS ’,0VAX 1T ,

$ CX,O R,NX ,t ,1J ,TwOUT ,HIJP
CO MMON/ GASC UIJ/ Ru , I - KO ,CV U ,CVH
COPIrION/IN PIJTS/Cl,12 ,C3 ,C ’4,IU ,TIGN ,UCON S,RHOP ,PIIIO ,TF ,C4 ,RHUO,

$ H0,P0,U0 ,GTRHOp,h ,,~,OM ,UM2 , 1IGFlB P ,UU CO FiS ,TU TM ,DI FFpR
COMMON/BA RRL/ Pt~l ( 1 U O) ,  RHOG ( 1(JU ) ,  HG( 100) ,  06 ( 100) ,  UP (1oC ) ,
1 1-0 (100), TG(lUlj), PMDOT(100), OL (lfiU) , UDKA& (100), FRLCT (1OC ).
2 QCONV(lu O), UUP (100), UPHI(10l)i, URHUO (100), UHO (100), UUG(100),
3 AfIASS (100), MM OM (100 ), ALNER (1()0) , UAfIASS (l0O ), UAT’OM(l00 ),
‘4UA ENER( 1O0),PHI2( 10u),UPhI~~( 1O0)

REAL M AC HSO
LOG ICAL HLF ’LAT -

DATA KEPEA1/.FMLSL ./
DATA 1-IDF/ .785398/

C SUBRoUTINE BNDL YN CALCULA TES THE ThiCKNE SSES OF TEE BOUN[iAR~ LAY ERS
C FORMED AS PROP ELLANT GAS FLOWS THR000H T ilL HARREL.
C A MA SS IS THE AREA AVAILABLE FOR MASS FLOW
C A MU M IS THE ARIA OU r S ILI E. THE MO M ENT UM LAYER
C AENE R IS THE AREA OUT SLUE THE EN E R GY BOUNDARY LA YE .R
C IT ALSO C A LC U L A TE S OL , THE HEAT THAN SFLR1~IU FROM THE O R b TO OR
C FROM THE BARREL. -

C ARRAY f~L CON TA iNS ti.U ’S AT 1HL dIL~lN F1 IN0 OF EACH TIr-~E INTERVAL .
C
C

lI thE -PEAT,) GO TO 10
RE-FLAT = . 11 01.
NXSAV 1 = l’iX SAV L + 1

C
10 CONTINUE

NM 1 NX — 1
I TEMP = NM 1

C
SPOX = 0 .0
DO bO I=NXSAV 1 ,iiM l

U (UG (I) +UL(I )+UG(I— 1)+IJG(I+1) )*0.25
1F( l-J .LT. 10.) U 10,
USU = U*U

C
C STATiC ENT1IA LPY

I-$ STAT = ( H b ( i ) + H G ( I ) + h 0 ( I — 1 ) + H6 ( I+ 1 ) ) * 0 . 2 5 —  .2E—4* uSO
CALL G S P R O P ( R O , R R O , R , CV 0 , C V H , C V , P G ( I )  , H S TA T ,T S T A T ,~~hOUUM,

$ 0.0,0.O,LAM,CP,3)
GIU’1l = (jAM — 1.0
GAM3 = (3 .U *OAM - 1. O) / (2 .O * GA M 1)

C
C VISC OSITY

V IS = C1*TSTAT*SQKT(TSTAT)/(TSTAT + C2 )
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C
C REVNOLC ’S NUM BER /FOOT

RE = ( R HO G ( I ) + R HO G ( I ) + R H Q G ( I — i ) + R H O O ( L+ 1) ) * Q ,2 5 * U /V I S
C
C MACH NUM BER SQUARE -I’

MAC HS(. USQ/ (3 2 ,16*GA M* I- 1*TSTAT )
C
C MACH NUMBE R wE It~HTIM FUNCTIOr

PRESX MACHSU*IIACHSQ,U1.0 + 0.5*0MI11* I1ACHSQ)**GAf ’ I .~
)

POX = PRESX*DX
- SPUX = SPOX + POX

C
C EQU IVALENT FLA1 IILATL LENOTH

- EX F = SPUX/R RLSX
C
C REYNOLD ’S NUMi3LK

REX = lsE*LXF
GFUN1 (1.0 + 0 . 25 * GA P 1 * MA C H S U ) * * (— u . 7 )
GFUN2 = (1.0 + 2 .O* GA M1* l IA C HSQ )** O.4 L 1
1F( REX .LT. b.0E6 ) GO TO 30
REF = LXF/ KEX ** 0 .1667
DEL TA 0.23* F<EF

C
IF(DEL IA .LT. BORE R) GO TO 20 H
ITE-MP I - H
GO T O 150

C
C DISPLACEMENT BOUNDA RY LAYER TH ICKDESS

20 CON T I NU E
DLLSTR 0.028*G FUN2~ R E F

C
C MOMEN TUM BOUNDARY LAYER T HICKNESS

THETA = O .022*GFUN1*RIF
GO TO 4O

C
30 REF LXF/RLX**0.2

DELTA = 0.37* REF
C

IF( DEL TA .LT. bORE R) 60 TO 35
ITEMP = I
GO TO 150 LI

C
35 CONTIf .’UE

DELSTH = 0.U46*6FUN~ *REF
- THE -TA = 0.03h*t ,FUN1*HEF

C - -
-

C ENERGY BOUNDA RY LAYER TH iCKNESS
40 DELOST 1.269* DELSTR/ (DCLST R/T HETA - 0.379)

C
C MASS FLOW AR EA

IJA MASS ( I) = PIDF* (8Q REL - 2 .0*V L LSTR )* *2
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C
C MOM ENTUM FLO W ARk A

UAMO M U )  PIDF*(UONID - 2 .U*T I IL 1A)**2
C
C ENIRLY F LOW A R EA

UALNER( I)  = PIDF * (b UIcE( — 2 .0*flLLUSl )**2
C
C AV ERA G E ( RLE L F ( L NLE )  LNTIIA L I- Y 1i ’J hOUl -~j )A kY LA Y ER

HSTA R = 0.54 111611) + hW~ - b.128E—b~~USU
CALL GSI RCF ( R u , R R O , R , C V O , C V H , C V , P G ( I ) , H S T A R , T S T A R ,RI1OSTI- ,

* 0 . 0 ,0 . O i G A M ,C P ,3 )
CALL 0SPRO P(N0 ,RhU , 1-~,CV U,CVI i ,CV ,PUUI~I,tl0 ( 1),

* T DUM ,RH U(J ( I)  ,l ,O.0 ,GAM ,CP,2)
GAM1 = 6AM — 1.0
MAC HSQ = USt~i /I32 . 16*GAI’ * N s T S 1 A R )
VIST H C1*iS1AR *SUR T (lSi/ ~~)/ (iSTAl 4 + C2)
RLSTRX RhO STk*U/VISTR*ExF

C
C COMPRESSIBLE SKII- FRICTIO N COEFFiCIE NT

CFR (1.0 + 6AM1*bAM i* rII~C H S Q ) * * (— 0 ,6 )
000T = 0.03~ 6*V IST R/EX F * RLS TRX **U ,b * ( H G ( J )  — H~~,*CFP

C
C HEAT FLUX

Gi L( l) 3.141b9~ *bO RED* DX* Q DO1
C -

C
60 CON TINU E -

GO 10 200
C
C
C
C

iOf l  CON TINUE
00 110 I = I\~XSAV 1,NM1

U A MA S S ( I )  = BORE-A
UAMO M (l) = BORE -A
UAENER( I) = BOREA

110 CONTINUE
(,0 TO 200

C
C

150 CON T I N U E
I = h EMP
Ii = I — 1
UAMASS (I) = LJAMAS S(I1)
UAMOM( I) = UAIMOi~ (I1)
UA E ISaER ( I) = UA LNLN(I1)

C
RED = RE*[3ORELJ
E-PSLON = 0.0005*ALOG (REU) - 0 .0U55€~IF( IPSLON .LT . 0 .000 1) EPSLOi~ 0 .0
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I

C
LAMBDA 0.3164/R ED**0.25 + EPSLON

C
U (UG(I)+U 6 (I)+UG (1— 1)+U0(I+1))*0.25
RHOU = (R l-IOb (1) + RHOG (I) + RHO G ( h-1)  + kHOG (I+1))*O.2~ .ULA MU LA MBLJ A*U - -

C
C BORELi 8 IS BORED /b .

FRICT I I)  = LA MU* RhO U* bOREDb
C
C DT2BL) iS -0 .5*ULLT/DURED
C DTDS~i IS DELI *BORLD *BORED

QCONV (I) PIU F *i~(HG(I + HG( I)  + 1-4 6 ( 1—1 ) + H6 (I+1))*0.2~ — IlL, )
$ * (J,O - EXP (LAMU *DT2UD)) *HHOU *OTLISU

C
C

12 1+1
C

00 160 I NXSAV 1, NM1
UA P IASS ( I )  = UA MASS ( I1. )
UAM O MII)  = UAI’ iO MlIl )
UA ENER( I)  = UAENE R( 11)

C
U (UG (I) +Ub(I )+UG(I— 1)+UG (I+1))*O ,25

IF(U .LT. 10,) U = 10. -
USQ = U*U
HSTAT = ( 1-16(1) + HG(I) + H ( I—i)  + HG(l+1H*0.25 - •2 E—4* LS Q
CALL GS P RO P(R 0 , RRO , R ,C V O ,C V H , C V ,PLi( I),HSTAT ,TS T A T ,RH0L,UM,

$ 0 . 0 ,O . 0 ,GA M,C P,3)
VIS = C 1* T S ,4 1* S Q R T ( T S T A I ) / ( T S T A T  + C2)
R I-IOU ( RHu& ( 1)  + RHO G( I) + RHOG( I- 1)  + HHO6 ( I+ 1) ) * U .25* U
RED = RHOU/V IS*UOREL)
EPSLOIJ = O .0005 *ALO 6 ( RE D)  - o.0055b
IF(EPSLON .LT. 0.0001) EPSLON = 0.0

C
LAM BDA = U.31t,4/RED**0.25 + EPSLON
LAMU LA’ IBOA*U

C
FR ICT (1)  = LAMU*RHOU*BOREU8
OCONV I1) = P I D F *( l I i 6 ( I )  + 1- 16(1) + HG ( I— 1)  + H G( I + 1) ) * t J . 2 5  -HW )

$ * ( 1 ,O — LXP ( LAM U* DT2 BD) ) * RHOU *OTUS O
160 ~~~~~~~~~ 

-

C
C

200 CONTiNUE
00 220 1 I’aXSAV1 , NM1
IF(1. GE- .ITL I’P) 1,0 TO 220
IP1 I+1
I F ( .I .EQ .N M 1 )  iPj = h
UAMA SS ( I) = ( 2. U*AMASS ( I) +2. 0*AMASS 1-11+2. 0* A MASS (  hPl )
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* + UAMASS ( 1—j ) + LJ A~ 4SS( I f~1) + U A MA S S ( I ) ) / 9 ,O
UAMUM( I)~~~2. 0 *AMOM ( I )+2 . 0* J M o M ( I — 1 ) +2 .0 *A t i 0 M ( I P 1)  - -

* + UAMO M( I—1)+UM MuM( IP1 )+ UA~w O M ( I ) ) / 9 , O
UAENE R( I )= (2 , U*A E F ’J L R ( I ) +2,0*AENLR (I~~1)+2.0*A EN[R(jp 1)

* + UAEN ER( I—l) +UAI NEK( I)+UALNEI~ ( IP1))/ ~,.Q
220 CONTINUE

C
C LET AREAS AT THE- BASE OF T I-IL PROOECT ILL BE THE SAME AS THOSE A l THE
C GRID IMMEDIATELY PRECEDING . - -

UA MASS ( NX )  UI~MA SS( NM1 ) L
UAMOM ( NX ) = UAMUM (NM1)
UA ENER( 1IX ) UA[NLR(NM 1) -
RETURN

C
END

— I
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SUBROU TINE EIPFIR
COMMON/ CHARGE- I CHiC, IBE.6C
COMP ’ION /BPT/ TEP (~~ )
COMM ON /CHAM /IX ,IR ,XL3 ,R8 ,NGX ,N6R ,JBEGB ,1ENUB ,IPATll (6fl,5),4REAG (~~), H
$ AREAC H, AREA C (60) ,IGNIT ,UI’IED ,LjIA Pil ,UIAP2 ,L)l51 ,0152 ,01S3 ,flISL4 ,
$ A R(AR (6 0 ) ,A REAAX ,C HAM 1,CE IAM2 ,CHAM 3 ,TCPLA P .AR LA&P (60 ) , DAVO ,  -

$ EA H2,D iAr ’B1,BE- LENO,BELbEG,Il-St ,IPS�,RA1)P~S,BPIG N
CUNIIUN/CLOCK/ T illE , LiLLT
COMMC N/ INP UTS/C 1,C2 ,C3 ,C4 ,T 0 ,T I6 tJ ,QCO NS,H HO R,PHIO ,TF ,CA ,R HOO,

$ H0,P0,Ufl,GThHUP,hW ,0M,Dl’q2 ,TIGN13p,UbCL~-4 S ,TUTM ,0 IFFPR
COrMoN/P/ IPRINT,MoDCH,Mo06R,PRI1,IuEBUG (~~b) -

COMMON/ 1- R IMV/ HPPENS ,DR RAD( bQ ,5 )  ,A6 ENPP,bbLlIUP,EX PBP
COMMON/ BAG/P HIb6(~~0 ,5) ,  PHO BB(60 ,5 ) ,  l ( b (J ( b Q ,5 ) ,  UI3r~( 6 O , 5 ) ,

1 ‘ 1B6(60 ,5) ,  U 1- B ( b0 ,5 ) ,  PCII(GU ,5) , T2C (~ .0,b),
2 O O T M I G ( 6 0 ) ,  Q B A G ( 6 0 , 5 ) .  X O R A G ( 6 0 , 5 ) ,  001118(60 ,5) ,  UPBDT (6 0 ,~~

),
3 l-H Z b T O ( 6 0 , 5 ) ,  RI- IOBT E(60 ,5) ,  t i t3OT D(6 0 ,5) ,  UB C T D(6 0 ,5 ) ,

~ V P b T D (6 0 ,5 ) ,T B 1 , ( b 0 ,5 ) ,DOT~- ’ iB( , (bC) , [j OT MP(6 0 ,5 ) , PHT B P (6 0 , 5 ) ,
5 PF1IPTLi (60,5) ,T~.i’ (b 0),TbP (6Q ,5) ,PHI2TU (&,(j,5), 0PB~~(60,5),

6 TZK2 (60) ,lZC2 (bO ,5) ,Ph1E3 (,2 (6o,5)
LOGiCAL IGf~iIT ,OlJ EU,CHAM1,CF ,Al - ’ i2 ,CHAM3 ,B PIW.
LOGIC AL PR1I,IUE3UG

C
C ARRAY U8AG IS CLEA RED IN UPDAT E LACE’ T IME INTERVAL .
C BP ION w ILL RIrdA lrj  TRUE ONLY IF AT EACH BRID THERE IS RO BLACI-
C POW DEr-: OH THE BLACK POWUIR IS IGIJTLD.

BP IGN = .TkuE.
00 100 0 1,NGR
00 100 1 1,N6X
IF (RH 1t3P (i,J).Ot,0e999q9) 60 10 luO

1 F - ( T I - 3 I - ( I , J )  .1,1. T I G N U P )  GO TO 100
B P I G N  .F A L S E .

C
C GAS T EMPERATURE

T ix  l e G ( 1 , . J )
TEMP = ITX* U RT (T1X)

C
C GAS V ISCOSITY

1XMU = C 1 *lLr iP /(TTX + C2)
C
C T HERM A L CO N D U C T iV I T Y  OF GAS

TXK C 3*TLMP/ (TTX + C4 )
C
C REYNOLDS NUM bER

- F E T X 1 - J P  = HH G ( I ,J ) *A b S ( U E l 6( I ,~J ) ) * b P l - sA 0 ( l , J ) / T X N U
C
C iiUSSLL 1 I-UMBER

IF( R FT X b P , L L . 1 . L f— 1 0)T X N U B I 0 .000b1~~*PC h ( i , O) * *0 . 5~~~/ T ( r c *
1 bPhAL)( I ,J)

IF(hETxbP. 1,T .1.0E—1U ) 1X N LJ bI =0 . 3 * R ET X F 3 P* * 0 .~~2+
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1 0,000613*f’CH(I ,J)c*0.556/TXK*1 (I-Rit)( 1,0)
TXNUL3P T X ’~UdP*U. 5

C
C BPRA U( 1,J )  SHOULLJ NOT BE LESS T HAN 0.001, BECAUSE IJ IHCP4ISE
C PfIIBP(1 ,0) WOU LD HAVE BEEr~ SET TO ~ .Q IN PR IMER.

AUVBP 3.0* 11.0 — PE41BP( I ,~J ) ) / B p K M D( I , U)
C
C HEA T FLUX 10 BLACK POWDER

QCON8P 1XNUI3P* TX K/ BPRML ) ( 1 ,J ) * (T 1X — T B P ( J , J ) )
IF( I .NE. IEE&C.Or ~.j .E0.IJGR) GU 10 ~ 0
ST D(J FF=BELBLG-TL p( i)  

-

SP[~J 0  • 0
THK02 0.5* (UIAM1—iIA MI3 T ) IOPGA P
IF(0 ,E0.2)SP[)~J=U ,5* ( T HKJ2+CIA:1BT )
D ISPj-~~SPU~J+ ST Lj OF1 -
IF(1IN E .GE, 0.(jO Oq- ) OPMR 3260. l~* F . X P ( —~~0,b*Ij IS PR— bO0,0 *T IM! )
IF(TI I’E .LT .O .OOOLI ) (~iPMR=1.28L5*S ( f(iIl’iL )*EXP(— 30.!i*DISPR)
IFU~PI- R.GT. t ~C oNbP) QCON8P=bPr’~

5 0 CON T I N U E
IF((~CONbP .LT. 0.001) CO 1- 0 lull
Q1iA I,(I,1J ) s~C L l~JBp*AD~ibP -

=
TIFFSP = ((iL ~P(i,J) — T0)/TLM P) **2
IF (1E -FFbI-’ .uT. TI lIF ) IEFFB P i DE
lbP (I, J ) 1 t I - i I , J )  +

s T Er’-Px S~~~T ~EFF~~P + L~EL1 I — Su1 1 (TE FF I- i P) )
IF( 1BP( I,J)  .LT. TI G NOP) 60 10 lOu
IE- ( l [ ) EBtJG (9) )  ~~ IT F : (6 , 2o o 1 )  T I iE,I ,~100 CONtINUE

C
1-IE1URN

C
2000 FORI ’ A T ( / , ’ T DL ‘ ,L1’+.-~ .’ IL_A CI< PO~ [’E P A T (,RIO’ ,Il+ ,IL ~,

$ ‘ IS i6i~iTL[’ ’ )
INC
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SUI3P(OUTINE E3PINIT
COMMON / CHARGE -/ CHTC , 1131CC
COMPI ON /CHAM /IX ,1R ,XB,R b ,N6X ,N6R ,I [3EGH ,IENDb ,IPA TI-1( 6fi ,5) ,AREAG(~~),
$ - AREACH ,AREA C (6O) ,IIèN IT ,ONEU ,[JIAMl ,U1AM2 ,D IS1 ,DIS 2 ,DI~~3 ,t?ISq,
S AREAR(6 0) ,AHIAAX ,CHAM1 ,CHAM 2 ,CHAPI 3,TCPGA P ,AREAG P (60),IJAVG ,
$ AREAH2 ,D I AMB T ,8E-LEND ,BLLBEc ,,IPS1 ,IPS2 ,RMIJI’ S ,BP IGI-J
COP -MON /PRII !V/ IJPDEN S ,BPRAD (60,5),AGENBP ,B6[NBP ,EXPBP
COMM ON/E~ NS/DTDX ,T2DR ,T2DX ,TWOTDR ,0TDl-( ,HMB ,TWO GJ,DVA )(Is ,0VAX IT ,

$ DX ,UR ,NX ,6.J,TWO IjT,HBP
COI’MON /6A 6/PHIBG (60,5), R-H086(60,5) , HBG(60 ,5), LJB r( 60,5) ,

1 VBG (60,5), UPH (60.5), PCH (60,5), TZC (60,5),
2 UOTM IG (~~0), (~f3A6 (60,5), XDRA GUO ,5 ) , UOTME3(60 ,5), upBr)T (6u,~~),
3 PH1E3TD (60 ,5), RHOBTD(60 ,5), HBGTD (6U ,5) , UBGTD (60 ,~~),
‘4 VB6 TL ’ (6Q,5 ) ,TR 6 (60 ,5),UOTMBi (6O ) ,DOlMP (60,5),PHTf4 I3 (~~U ,5),
5 PH1PTD (GO i b ) ,TZR (60) ,TBP (60,5) ,PHI2TO (60,5),
6 TZR2(60) ,1ZC2 (bO ,5) ,PHIBG2(60,5)

C SUBR OUTINE I3PINIT CALCULATES IN ITIAL POROSITY
C V A LUES AT EACH GRiD THAT CON T AINS BLACK
C POWD ER. THE SUBROUTINE READS IN THE FOLLOW LNG PARAr ~ET ER S %
C *** ULbIC LOCA1ION OF CHARGE - ( INCHES)
C *** XL II LENGTH OF ChARGE (INCHES)
C * * *  CHIC = CHARGE WEIGHT (POUNDS)
C

CCIlJiüN/F’/ I1i-UNT,MUUCH,MO DGR,pRIj , IUEUUG(33)
COMrI ON/ CFRA CT/ FRA CT 1 ,FRACT2 -

LO (IC AL ICE -HUG
C

DIMENS ION F N M C T P ( 6 0 )
NA ML L IST/BF’C Hh/ FJL GTC,E NOT C ,fj [ LBE (, ,13EL€NO , IBEG[3 , T E - N P I 3 , f l X , ( B E G T C ,

* IENDTC
C
C
C INITIP L]ZE FRACT A RR AY
C

CA LL C L EAR ( FRA C T P I X ) , F RA C T P ( 6 0 ) )
C

NAr~-LLIST /bF INP/BEGTC ,XLTC ,CH T C -

C
C READ INPUTS AND CALCULATE - CONSTANTS -

C
READ (5 ,B Pl i4 P ) 

-

IF ( IULBU6 (2 ) )  W RIT E- (6 ,UPINP )
C

= F3E(TC / 12 .U
X LT C = X LTC/ 12 .~CHIC = CHIC/ 16,tj

C
C s** COMPUTE THE LOCATiON OF TIlE - TUBE CHA RGE AND THE FR~ C T J o N S  FOR THE
C *** GRILlS IT OCCUPIES. -

C
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C *** DETERMINE THE GRIDS IN WHICH THE CHARGE bEGINS AND EM)S.
C

ENOTC = BEGTC + XLTC -

IF(BE GTC .GE. • !~ ‘ 0X )  GO TO 10
IBEGTC 1
60 10 20 -

-

10 IBE6TC = BEGTC/Ox + .5
IBEGTC IB EGTC + 1

20 IENUTC ENUT C/OX + .5 
-

IENDTC ILNU1C + 1
IBEGC = IBE-GIC

C
C *** CALCULATE FRACTIONS OF LAC H GRID OCCU P1L LJ BY THE CHA RGE AN D SICRE-C *** THEM IN FRACTP
C

IF( IB LC TC .EQ. 1) FRACT P( I B EGT C )  = ( ( FL UA NI B EGTC )  — .5) -* DX - -

* BE6T C)/ UJX * .5)
IFUBLGTC .EQ. 1) GO TO 30 -

F1( A LTP ( IBE6TC )  ((FLOAT ( 113E61C.) — •5) * UX — BLGTC ) /DX
30 FRA CT P( 1 E1à DT C ) = (L NDTC - (FLOAT (IENDTC) - 1.5)*DX)/ t ) X - 

-

KS = IbEGT (~. + 1 -

PcE- = 1 E N O T C - 1
DC ‘10 I KS ,KE - -

F R ~ C T P ( I )  = 1.0 
—

LID CONTINUE-
C
C *** C A L C U L A T E  P OR OSI T 1L S
C -~~~~

VOLC = ( D IA M E IT / 2 . 0 )* ( O IA M U T / 2 . O )*X L T C * 3 . l q 1 59 3  -

DO t ,0 j  1B EGTC, IENDTC
b-’HIBP(o,l) = 1.0 — (CH TC * FRACTP (J ) ) /VOL C/ BP DE NS

50 CON TINUE
IF( IDEBUG(30))  wRITE (6 ,BPC HK ) -

RETURN
END

[
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SUBROU TI N E BS URA2
- -  C

C AREA FACT OK S ARE NOT NEEDED IN rHIS SUBROUTINE BECA USE T HEY W OL LD
C ALL CANCEL .
C

COMVION/ PRM FLO/L ,OTPIPM , UPRM
COMMON /AV GD T/RHOTD T ,PH IRHO ,Ph IAVE ,RHOAVE ,UB GAV E,UPR AV E,

$ UTD T ,VB GAVE ,VTDT
COMM ON /CHAM / I ,J ,XB,RB ,N GX ,N 6R ,IbEGR ,iLNDB ,IPATH (6o ,5) ,AREAG (!) ,
$ AR EAC H ,A HEAC (60) ,IGNIT ,ON1o ,OIA pq 1 ,D1AM2 ,UjS1 ,DIs2 ,~~~S3 ,DIS q ,
$ A R E A R ( 6 0 ) ,A R L AA X ,CHAM1,CHAI’i2 ,C HAM 3 ,T OP1 ,AP ,ARE A S P(6 0) .CA VG ,
$ A~ EAH2,DIA MbI,BLLE- ND,BELBE-b,IPS1,IP52 ,RAD RS,BPIGN
COMMON/CLOCK/TI M E , O u T
CGM PiON/EQNS /0TUX ,T2DR ,T2DX ,T~ OTDR ,D TUR ,I-IM8 ,TW O 6J ,0VAX IS ,DVA X II ,

$ DX ,DR ,NX ,GJ ,TWO [jT ,HBP
COMM O Fl /GASCO N /Ru ,RR O ,CV O ,CV H
COM P ON /BA G/PH IBG (60,5), RFICBI ,(60 ,5), t-sbG (60 ,5) , UE3G(6 0,5),

1 VBG (60,5), UPB (60 ,5), PCH (60.5), TZC (60,5),
2 L,O T IhlIG(60), QBA& (60,5). )(URAG( 6O ,5), DOTME3( 60 ,5), Upk3DT (60 ,~~),
3 FHIBTD(6 1J ,5) , NHOBTD (60 ,5) , FIBGTO (6O ,5) , UBGTD (E-0 ,5) ,
‘1 V B G TD (60 ,5),TBb (60 ,5),COTIv IRG ( 6O ) ,(JOTp .gP(60 ,5),PHIBP (~~0,5),
5 F-HiPT 0 (60~ 5) ,T~ ft (60) ,TbP(bU ,5) ,PHI2TU (60,5), UP 132 ( bO ,5 ) ,
6 TZK2 (60) ,T~~C2 (6O,5),Pl$1BG2(6o ,5)
LOGICAL IGN IT ,ONED ,CHA P1 1 ,ChAM 2 ,CHAh 3 ,bF1bt ,~

C -

NAMEL1 ST/B SUR CK / BUGGER ,G AI - , 1p 1 ,F5 ,RE $OA ~ L ,C’4 ,65,E4 ,Fq ,RI-IOTUT ,FI--ITC
.T ,ChE~6Ti~,C4,C 5 ,HIGf ’J ,I ,J,Qt~i

CA LL 1,S FROP ( H0 , R RO , K,CV O ,CV H,CV , PC HI,J) ,IIBG(I,J) ,TDUM,
$ HHOBG ( I ,J ) , Ubb ( I ,J ) ,V E - lG( I ,J ) ,GA M ,C P ,2 )
BUG6E -H (6AM - 1.0)/TWOGO
IP1 = 1+1

C
C IN THIS SUBROUTINE PHIBG REPRESENTS THE 1OTAL POROS ITY ,  MiT JUST
C PO ROSITY OF THE PROPLLLANT .

F4 = PHIBG ( 1-P1,0)
F5 = PHIBG (1,.i)
P’ PCH ( IP1,J)
P5 PCH (I,J)
64 bH0B6( IP1 .0)
65 RH0 B6( I,J)  

-

L4 1,4*UBG (1P1,J )
E14 Hb6( IP1 ,J ) — Rq / ( ’+/778.(
E15 H8G( I,J)—P5/ 1,5/778 .O
C4 G’+*EI4
C5 65*EI5
HLI FL1*E’4
0EN 0M 2.O
PHIAVL= (Fq+F5)/L ,ENOM -
RHOAVE (64 + 65)/DCNOM
UI3GMVE = 0.0
UPBAVE = ( UPB(IP1,0) + U PB ( I ,J ) )* 0 . 5  -
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C
PI-IITDT = P)-III3TD(I,J) + PHI2TO(j,J , + PHIPTU( I,J) - 2.0
RHOT DT ( F5* KHUAVL -LT DX * H’ 1+CE LT * ( D UTMIG ( I)+

$DOT M P M ) / O VA X I S* 2 . O + D O T M b I I ,J ) + U UT M P ( I , J )  )/P HITDT
QQ UBA G (l, J)
IF(RHOT DT ,LT . 0 . 0 )  W R ITE (6 ,BS U RC K )
PH IRHO PHIT [j f * RI- IOTDT

C
UTO~ = 0.0
VIOl = 0.0

C
HIGN = HEIG(I ,1)

C
IF Uj OTM1G ( I )  .61. 0 .00001 )  HIGI’ i FIBC ( 1 ,2 )
El ( i i=(F5* (C4 +C5 ) /DI NOI’l— DTDX* (HLI-*1I’1

$+DELT* ( (OUj h I6 ( I )* HIGN+ [ ) OTNPI I * H [ 3 p )* 2 . (J / bV i% X I5
$-G,E 3A G ( 1 , J ) ) + D O T E~B( I,J)*HMB+Ij 0T MP(1,J)*hBP ) /PHIRHO

CAL L 6SP1-(OP (H~ ,Rt- (O ,E ( ,CV O ‘CV H ,Cv  ,PN, ET U T , T DUIUI ,
SR HOTDT ,UT [ 1 ,0 .0 ,6AM ,CI-’ ,4)

HUG TD (I ,J ) ETIiT+PN /Rt- IUT D1/778 , 0
CHEGTLJ = HIiGTD (I,0)
IF ( H B G T D ( I , J )  .Li. 0.0) WRITE (6,BSUR CK)

C
UTIJT=2.0* liE-LI * COTM PM * U PRM/ KII OTD T/UVA X IS
RHObTD (1 ,J) = P( IIUTLJ T
UBG T D ( I ,J )  UTOT
VBC~TD ( I - ,J)  = V T DT
RETURN
END
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SUBROUTINE BSURI2
COP 1MO N/AVG DT/R HOT CT , PHIRHO, P1-h AVE , RHOAVE , tJB GAV E .UPBAV E,

- - 

$ U 1DT ,V BGAV E,V I DT
COMMON /CHA M/I ,J ,XB,RB,NbX, NG R,IBEG B,IENDB,IPATH 6 0 , 5 ) , A R LA G ~~~),$ ARLACH ,A R E A C ( 6 0 ) , IGNIT,O~J EO,0IAM 1,0IAM2,DIS1,OI52,[ ) jS3 ,DISq,

$ AHEA R(6 0 ) ,A REAA X ,CHAM 1,C HA?1 2 ,C 1- IAM3,TUP bAP ,AUE AGP (€ ,0 ) , I JA VG,
$ AREAH2,UIAPlbr,BELENU,UELBEG,IPsl,1p52,RADI-’s,BPIGN

COMM ON/C LOCK/ i ihE ,L~ELl
coMMoN,uoNs,cIux,l2oR,r2ox,1~~oTol~,uroR ,HMB,rwoGJ,oVAxzs,nv,xL1,
$ DX,DR,NX,G0,TWOLT,HBP

COMI9OIJ/GASC ON/K0 ,RHO ,CV Q ~ CV I-t
COMMON/ BAG/ PHIBG(60 ,5) ,  RI- IOB1,(bO,5),  Hb( ,(bQ ,5) ,  U8r~( 6 O , 5 ) ,

1 V B G ( 6 0 , 5 )~ UPBI6O , 5) ,  PCI -$(6 0 ,5 ) ,  T Z C ( 6 o , b ) ,
2 OOT M IG (60 ) ,  OBMG (60 ,5) ,  X V H A 6 (6 0 ,~~

) ,  DOT M I3(6 0 ,5) ,  Ur~tiflT ( 6 D ,~~),
3 I4-~IBT 0(b0,5), RHOBTO(60,5), I1BGTD (60,t~), UBGTU (60,5)i
‘4 V f l G T ) (6 0 ,5 ) ,T B 1 , (6 0 ,5) , L)OT MBG(6U ) ,DO II~E’ (6 0 ,5) , PHI8P(60 ,5 ) ,
5 PI- ’ IPT D(60 ,5 )  ,T~ H ( b O )  , T U P ( 6 o , 5 )  , P H I2 T U(6 0 ,5 ) ,  LJ Pr-~�( 6 0 , 5 ) ,
6 T Z k 2 ( 6 0 ) ,T Z C 2 ( 6 0 , b ) , P H I B G 2 ( ,  .5 )  -

LOGICAL IGNIT .01-JEC ,CHAM1,CH,~M2 ,CHAM3,O P ICp-
~

C
CALL 6 S P RO P ( RO , R R O , N . CV O ,CV H , CV , P C H ( 1,U) ,HEIG( I ,J ) ,T DUM,
$ R 0B’(I,U),UhG(1,J),VijG (I,J),GAl~I,C1- ,2)

BUGGER = (6AM — 1.U)/ TW OGJ
IP1 = 1+1

C -

C IN ThIS SUBROUTI NE P)-$1i36 REPRESENTS THE T OTAL POROS IT Y , I\OT JUS1
C POROSITY OF THE- PROPELLANT .

P’+ PCH ( IP1,J)
P5 PCHI 1,0)
A4 A REAR ( IP1)
A5 ARE. A R ( I)
F4 PHIBG (IP1 ,J)
F5 PH1BG( I,J)

G’4 PIlObG(IPl,J) -

GS HHOBC,( 1,0)
14 6’1*UL3G( IP1,J)
114 HbG ( !1-’1,J)-PL1/Ci’1/778.0
EI5 HBG (1,0) -P5/Gb/77ó. 0
C’+ 64* EI4
C5 65*E15

DENUM 2.0
PHIAVE (Fq +F5)/DENOM
RI-IOAVE (61+ + 1,5)/DENOM
LIOGAVI. = 0 .0  -

UPEAVE = (UPF3 (IPI,0) + UPB (I ,J)p*o.5 —

C
P H I T D T P H I E I T U ( I , J ) + P H I 2 T D ( I , J ) + P H I P T D ( I , 0 ) - 2 . 0

C
PHO TOT = (F5*I-( 1- IOAVL— DTDX * H’ I/ A b-D T DX *

$( DCT M I G ( I )— O O T M B G ( 1 ) ) / A 5 + D O T M B ( I , 0 )÷ D O T M P ( I ,j ) ) / P H I T O T
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C
C

PH IRHO = PHITD1*RHOTOT
C

UT OT 0 .0
VTDT = 0.0

C
HIGIM = HB6(1,1)
IF (UOTMIG(1) .GT. 0.00001) HIGN = HBG(I,~~)

= 14BG (i,~~)TF ( D OT M BG ( 1)  .61. 0 .00001)  HBGN = 11136(1,3)
C

ET DT =( F5* 1C4+C 5 )/ DI NO M-CT DX* IH4 * E14
$+A4 *P4/778.0* (F4*1,b6 (IP1,J)+ (1.0~ F1+)*UfrB (IP1 ,J))
$+DOT MIG (-I ) *HIGN-DOTMBG (I) *HBGN ) /A S
$+DOTMB ( I ,J )* HIMB+IiUT MP(I ,J )*HB p
$-DELT *Q BA G ( I ,o )  )/P H[RHO

CALL (,SPROP ( I ( 0 , R R O , l ( , CV O , CV H, C V , P N ,  ETL)T , TDL IM ,
$RHOT I1T ,UT DT ,0 ,0 .GA M ,CP,4 )

HBC’TD (1,0 )  (T DT+PN /RHOTOT/778. 0
RHOBT D(I,J) = RHOTL) T
UBGT D( I ,J )  = UTUT
V13G10 (I.J) = VTDT
RETU RN
END
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SUF~ROUT 1NE- CHSE- 1
— C

DIMENSION C H W T d ( 7 )
COI*PION/ CHA RG L/ Cl-ill. IBEGC
C&lIm.hOi\a/NEIi 1- HI/P,,I(2 , IE.NDC2
COM hON/UETN~ / NXSAVE
CO ON/FA IL ED ,’ THI C K T .1 lOO P, PCOr R, BlOB , 08 ,FA IL , MFAIL. ( 60)

1T 1- i JC K (60 )
COM PIO N/BA R RL2/ i>OP EA ,X P,V P,BORED,8(.,RLK,13Uk1U8,L)T2RU ,OT O SQ
COMMON/ EUR N/AT PE,CT ,PEXP -

COMIION/CAR LAS/AH RUWI , AR ROW2 ,AHHC ~.3, AR TOT
COMPION/CHAM/IX ,IH,Xb ,RB,NGX ,N 6p,IhEbh,ILM,B,IPATH (60,5),ARI AG( !),

$ ARE -A CH ,A REAC (6Q) ,IGNIT ,Oj~IEM ,LIAM 1 ,IJIAM2 ,D I5I ,D IS2 ,OIS3.UISq,
$ AR E AK( 6Q),AKF .j X ,CHAM1,ChAM2,CH,~M3,1URGAP,4f (EAGPU,0),OAVG ,
$ AKEAH2 ,EJ1ArIbT ,BELLNU ,BELBEG ,IPS1 ,IPS2 ,RAr1 PS ,BPIGN
COMMON/CL (jCl%/T1M[ ,UE -LT
COMM O N /OR GCON/V TSG
C0rr )N/EQNS/O TtJA, T2 LsR ,T2 OX, T W OT0R ,CT0f ( , HI~~ , IW OG J ,OVA X IS , DVA X I T ,
$ [:A,C1- (,’\JX,CJ,lWUL,l,HBP

COP~MON/FO K CL/ PFOR C E( 60 , 5 ) ,  PFOI r)T (60 ,t , )
CO~~~O N/ GASC 0N/ R0 ,kNO ,CV0 ,CV H
COP-MO~./GAS1 S/NUM6,kROM6,CVUMh,CVFIh~),RUE p,RkOL4P,CVOBP ,CVh~ P
COMlviOI~/CFR MCi/ E RAC I1 ,FRAC T 2 -

COMMON/6S TA TE/A t i ,A 1,A2 ,A 3 ,A OS P,A1SP,A2S P,A 3S P,
$ A 0 MP,AlM P,A2 $1 P,A 3 I9P ,A0BP ,A1b P,A2 BP,A ~ BP, Sf ’ ,W MM P,I~iMBP.
$ 6AM IB,CU l--SP,CtJ MMP,CUMBP ,1-,AMSP ,GAM MP ,CAI ’~BP,W MO LE

COMr?(w.s /G RAJN/ )
~L(6 0 ,5 ) ,  Di) ( & ,ij ,5) ,  0 1(6 0 ,5 ) ’  FP ,

1 X L T D T ( 6 0 , 5 ) ,  U O 1 D T ( 6 0 . 5 ) ,  0 1 1 0 1(6 0 ,5 ) ,  XL 0~ DOn , DIll ,
3XL l! t 1 U 0 ) , U~ L t H 1 O 0 ) , X L B 2 I 1 0 O ) , U X L P2 ( 1 u 0 ) , [ - O h ( 1 0 0 I , U O O f 3 ( l u 0 ) ,
SDOE~.(10Q),L1J0E2(j0O),DIB (1t~fl),u0lB(1fl (,),L~1B2 (10O),uDIB2 (1O0) ,C102,
3 L(iU~- , XL02,XL2 (6(1,5),IJO2 (60,5) ,[~12(60,h) ,XL2TUT(60,5),
‘4 (‘U2101(iO,5), (112T0r(6o,5), Fr~2
COP’MOI’J/6RAIN2/HP:bl, H M B 2 ,  A T R f ~2 ,  £12, R1-10P2 , PEXP2
COMhON/BOLLA/RAuhloL (e5),NROwH,~~HoLLs(~~b),xcL (8s),ARLAH(6o),
$ AH(b u),FRACT (60) -

CCMMCN/ INPLTS/ Cj ,C2 ,C3 ,C4 ,T f l ,T IGN,QCONS ,Rt,OP ,PHIO ,TF ,CA, !IHOu,
$ H0, p0 ,U0 ,G THHOp, HW,L)M,LI M2 ,Jj GN Bp,(~8CCN5, IUTM,DIFFpR -

CQMMON/ P/ IPR INT,~~OCC H,MODCR,pRI1,I[ jEbub(35)
CO MPION/ PRINV/ I IPDENS,BPRAD(6 U,5),AGE NrR,bGLN UP,EXPBP
CO MrDr ’/ BAG/ p 11 i66(60 ,5 ) ,  Rhof~c , (6 o ,5 ) ,  H b 6(6 0 i 5 ) ,  UB I(6 0 , 5) ,

2. V P G ( 6 0 ,5 ) ,  UPH(b0,~~~),  PCH (60,5). TZL (60,5),
2 OOT~l1G (60), ORAG (E0,5 ), XI)RAG (60,5), DOTMB (60,5), UPbOT (60,~~),
3 PHiLTD(60,ti), RhOBTO (60-,5), HBGTD(bO,5), UI3GTO (60,5),
‘4 V B G T G ( b 0 , 5 ) , T B G ( 6 0 , 5 ) , 0 0 T M F 3 G ( 6 0 ) , 0 0 T N P ( h U , 5 ) , P H T B P ( 6 0 , 5 ) ,  

- -

5 P H 1P I C(6 0 ,5 ) ,T Z R (6 0 ) , TBP (bO ,5) , PHI2T D( ( .u ,b) ,  U P Ij 2 ( 6 0 , ’fl,
6 TZR2 (b 0) ,TZC2 I 60 ,5),PHtf3b2(1~O ,5)
COP ’M C -N /BA PRL/ PhI (i00) , RHO6 (100), H G ( l O u) ,  UG (100), UP (10C),
1 P6(100), 16(100), PMOOTI100), QL (100)~ UORAG (10 0), FRICT (100),
2 CL.ON V (100 ) ,  ULP(100) ,  t Sp1-I(100), URE’OG (100), 01-16(100), UUG(ICO;,
3 AIIASS(100), It19 0I’; I l O O) ,  A ENLR( 100) ,  U A M A S S ( l n o - ) ,  UM’Orj(loo), 

-
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‘lOAF wE. R ( 100 ) , Fii1 ~~( 100)  . U P H I 2 (  100)
LOGICAL ICNIT ,Orj EU,CI-IAM1 ,( I i ~V:2 ,C HAF~3,bP IGN
LOCICA L PRi1, l L~~oUG
t OC’ ICML FA IL

C
DATA GRAV ,XOUL,PI,RiDF/32.16,776. ,3.1q1593,.765396/

~AMELL ST/C I~ If~.l-’/0BI-’ ,A 1t’P,A2l31 ’ ,A 3(~I- ,AOMP ,A1 u P ,  s~2MP, ,%3jP,i~0SP,AiSP,ll2Sp,A3SF- ,
2AG (N,A6LI~2,uGENbP,ALPhA,ALF-Hhp,hO,E1 ,i;2,h~~,U’4,BETA,B6EN ,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
ICI- / h2,Ch4M3,C l~,:12,LII0,D I02, f l h111 ,D 1AP~~.Ii1AMhT ,OIFfPft,flIP41,[j1R2,
5fl1S2. ,OO0 ,UO02,OC R1,uOR2 ,Ex -1- ,6ARBP ,GAI ~RP ,CAMSP, -

61-IBP,HMAX ,hPl Ll,HFb2,NGR ,NGX,,-~}CLES,l~PE1~F ,,-PEkF2,I\! FIOWI- ’ ,
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
9XL BLL .XLRI ,xL 2

C
C
C
C**************** *******4********************** ********************$***4

C READ INPUT S A~ O CML CULAT E - CON STAN TS FDK SUUrWU TINE S - -

C********************************s**********************************s*** - .

IF( IDLBUG(2))  I- R IT E(6 ,C H INP )
DO ~2a2 I 1,60 -

MFP IL. ’ I)  = I)

2222 CW~1Ii~UE-
F 0 1728 • 0
F1 F0a62. Lt
F~~~F1*62. Lt
E 3 F  2*6~ .1+
~ CSP AOSP/Fu
A 1SI~~AlSP/F 1
A 2SP=A2SP/F ~A35R 143SP/F 3-
A UMP AOI ”tP/F 0
A 1MP M iMP/I- i

A3MI~’ A3 Ih P/F 3
A0 D I~~11OBP/F u
A 1Fi 1’ AlL-P /F l -

A2I~I-~~A 2b P / F 2
A3 EP A 3t3 P/ F3 - . —

A O A OB P
A 1 AIB P
A2 A213P - •

A3 A 3BP
CUI-ISP=O.o 

- -

CUMM~~u.0
CUPL-P 0.0
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I
W MCLL W MBP

GA i~ lb = GA Mb P
ROMb=h0l - 1
PRO M 6 k F C i-il
C V 0M6 C V Ohi

- - CV H?~E, =CV1-i i l
CH A M1 .FA LSE.

C
FN = FLOAT (NPLi~F
Ff-i2 FLOAI (NPLRF2)
XLI XL O/ 12.

XLO 2 = XLO~ /12.
Li02  = O1U2/ 1.~.1)102 = 0002/12 .

C C0 = 1)00,12.
010 = 010/12.
1)IAhl z DIAI-iI/ 12,
OIAI12 P1Ai’i2/J~~ .11151 UiS1/1~?.
th Ai-IL-I I1IAMI4 1/ 12 ,
YLELL A’LRLL/16,
PU . P0*1-, ’4- .
DIFI- I-’H = i iFFF’t~*14q- .c
AG E- N AGLN/(1IL.*1141*.**PEXP) -

PGF N OGEN/ (1~~.~~141+.**P[)U
CG LN CGEN/ 12.
AG FN2 AGCN~~/ ( 1~~.0* 1’ l 4 .O* * PL  X P 2 )
I-iOE 2 bCEl~ ./(i~- .O* 1tf 1+.0** I~, xP2 )
CG FI~2 COEf ~ -/ 12.o
I) IR1=UIR1/12.o
OII-2 L.I1-2/12 .U
rOF 1=L~OI-~1/i2.U
GUI’ € =10R2/12 • Ii
XL R1 X LH1/12. U
XL R~~~ALP 2/1L. (J
Bi-FAli l l  F31- RAIJU/12.
IiF Lt~ .’ = BPLE1 S/45’t .* 16 .38* 172c~.

= AOE ~Jbf-/ ( j2 .O* 1’ l’+ .0** EX IBP)
bI,IhBP = t3t.Ej~~i-/i2.0

C - -

C It-~ITi,LLY ll;f . G~ S C1JNS TA NT~. RE THOSE oF it-s E BL ACI-’ P0~ OEr~.
C AFT I  i-~ LAIN T I!~ ii~1EhVA L, II UPDi-~T1, THU 6I- S CONSTANTS puLL b~:
C CA LCU LM 1ti~ UN liii. t~AS IS OF Ii~t . ~~-S ES Pi~L s L i l .

PU = l~0hI-’
I~R0 = kUOEF ~Cs/ U C V O E I-
CLII = CVFII- I-

C
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C ROREL- t~IAS 1M~ Ll~ OUT OF LARI!IP BECAUSE II IS ~ E E D E f l  HERE I-flk ARE A
C CALCIj LjJIONS. - -

HORLD ROhEt~/ 12.
I3ORLH = 0.5*FiCI-~Et 1
PUI~LA = PI*tJUk LP -4E[~ONER

C
C Dt IFt~r~1NE DX , ii UGb, IbL6C , it iuTh
C *** I1~ECC L~ILL LW bUTTE-N FRoM 1 P J I J I T .

DX = UISI/1 LOA T (I-iGX — 1)
E ELbE6 = 0.0
1EE6E = 1
BFLL NL = XL bEL. - - .
TLNL’B XLb LL/E A + 1.5
I\~X S A V L  = — IENIj U + j
i’abX IENDU

C
C FRACIl A s-i D I~ ’A C 1� ,i- 1 Th) FRA ( T1UNb OF CRILi S ItIEGD AMD IENDB
C RESPLC1IV ELY THAT ihE BELL TUBE OCC UPIES .

IF (IBL .L (4.i)FRA L1I 1.’J—2.0*BEL R[6/DX
- .

FRAC 12 = (L~LLEi’~u — ( F L O A T ( I Et \ L .)L-3 ) — 1.!~,)* [ jX )/U X
C - .
C D(bj,~4CQNS, AI ’iJ UbCoI~S ARE FJELBL L- j~~; SUBROU1 INC PHPFJF’ .

DPi (1.~~* UO0* LUU*XL 0)* *0 .~~33 
-

1W12 = ( 1.5* UDo~~~L)eo~~*x Lo 2 ) * * .53:~
-

2.~~*S 4-r LPHA / 3 .1+1593)/x K
(
~BCtjNS 2.U4-S (~UcT(A LPt1BP/5.j4I596)/XKbE

C
C ATP FS Abli CT i~r~E NELULU FOR C A L C U L A T i N G  i HE. BU RN RA Il IN I(FGF~LS

TFi t.~~L:=DC~R1* (J 0F 1— FM *IJIR1 *D11- j.

1Ll-1PL; UO0* liOU—I- i~*Lj IU*UIO
TE P-I- 1 . ( o . L* iE ; rPo +X L LI * ( E! t IO + FN ~L L I  ) )/  (XL (i * ILP’IP(J )* R.HGF
FFAC T 1 Fs( 1/ RF 1*T L 1.1 Ri/T E MP1
n Po= i~~uF:r- ’. r u+~~~ RI *RFAL T 1
( i C t-.L1~sT0*HF-NCT1 

- -

1 LMF’LI=L1OR2*0OP~~— Fr.~~*~I; 1P2*L 11(1:. - .

TFMPr I2 = (o . 5* TE L+xL I (iJo -~+F~~24 L I R2 ) )/ (A L R2 * T L r I ’ r ) s R H o P2 p
TL MPP LaOO 2* L ICU2—FL 2* I i iU 2* L .  i02
TLMP€~~((..5*TE~.l- u +ALO2* (0O12+I- N2*1 102) )/(XLij2*TFMPfl*RHOP2
F~FA Cl~~=F —~2 ,I%F2 *TLhPD/TEMP2
I - F/ ll 2=i-U12/KF2*lt 1--I- 2/lLM P~
A I Ph2 (MGL I ,2 *TIJ +bb LI i2 ) * R FAC 1~hliI- 1=hMi *F I- I -,

h~-F2=hHb2*kF2
C 

-

C ~,1SO IS A CONS1;J:i IJSE.C’ IN Sli i ’Rt~t Il TNL LRj 4 c,
= DM*Gi~A V

C
C CALCULATE liW Fl~(-l~i TI. AND Pu

C ALL OS PRC I’ ( RC , l~RO ,i~,CV u,C~~I ,CV ,PU. I I i - ~,iI. ,RHt)U(JF~, ( . P ,0 . O , ( 3 A P , C F , i )
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AD AO51 627 C*1.SP*N CORP BtWfltO N V FIG 19/1 1eUAL ITY CONTROL OF CONTINUOUSLY PROOUCEO GUN PROPELLANT. (U )
AUG 77 £ S EISnER

UNCLASS IF IED CALSPAN SA—5913!X 1 Pt I



C
C
C**s***************4********s4****************~.***** *********s**********
C INiTIA L IZE AR HAT IPATH .
C**** ** ************ *4*44*4*4*4 ****** 4*4*4* * 4* 4* * 44*4*4*44* *4 *4 * *4*44* *4*
C

CA LL PATHS
C
C

C DE TE.I~~II~L OLIT At~iEi CALCULAT I c oWSTA t . Ts FOi~ FINITE DT FFC RLNC L EC~~S.
C * * * * * * * * * * * * * * * * * * * * 4* * * * * * * -~~ * *4*  * * * * * * * * * * * * * * * * * * * * * * * * * * a $ * * * * * $4 * * *
C
C STA I(I 11I~E Al 0 .o  ANU OE~ LkMLL LIELT, ThF lilsi INTIRVAL LENCTH

TIP~L 0.0
6J GRAV *>.iUL
TWO ’,J 2 . U *G~J
DELl = U~~Ii~*UX,S ubT (TW O6 ~J*IlP~A X )
TW O U T 2.t~4V ELT

UEL1/L’x
120X= 0 • 5*IIUX

C
C
C
C * * * * * * * 44 * * * * * * 4*4 * 4 * * 4 * * * * * * * 4 * 4 * * * * * * * * * * * * * * * * * * * * * * * * * * * *4 * a * aC CALCULAfl Ci (OSS— stCTIo r~AL AI~LAS ASSOCINTEL ~‘,I1t1 THE CHAI~~rR
C***.*****s*******a****##*********s***~s**********************************
C
C

CAI. L ~~~~~
C
C US IM 1F~E A~ L,~S JLSI CAL~.LL/ ~1ED, CAL C ULA T E 1HE Ir. ITIA L v0L~~’E
C ( 1  CliArihEk R/ ~[j ItL I~Ot .~S 1~ 2 ~ N[J 3. ALSO CA LCUI.A1E TIlE TO T1~LC CHAV ~HE ~ V uLtJ~’FARP(4 1 ( FLC~j ( i ; iX )  —

C
=

flU 100 I
AIII- (

~W2 = f. kR G w 2 + AI (rA l~(1)*U X
10(1 Cid~lD~UL

C
i~kTu r A~~kO~~L 4 ‘~RCW2
T F(CI - lA r i2 )  ( C J  Tu 120

C
AI~EA GI- (fl*UX*Q,5

~O .L10 1 =
ARf W 1J 3 = i~~ RO~~3 +

11r~ COt~I Ii~uL
A~.T UT A F~TOT + ~v kUW 3

C
120 iU( T II~UE

C
C
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C i N I T i A L I Z E  Ch~~~ sLI ~ ~A T K I X
C***********,*x********************************1~4*******************t***
C

CALL C L EA k (X L ( 1 , i )  , D I ( 6 0 t 5 ) )
CALL C L EAH (~CLT ( lT ( 1, 1) , D iT ( )T (6 0 ,~~) )
C , ?~LL CL EA ~~(PHiI (1,l),I~r1II~12 ( c O , 5 ) )
CALL C L L M R ( B P R A L ’ ( 1 , 1) , R P RA r ( E U ,~~) )

C.~LL CLLAF( FF( ,t ’ (CLU , 1) ,P FOf ~L) 1(6O , 5 ) )
CALL C L FA f t (A L 2 ( 1 , 1)  ,0 12T 1’T (60 ,5) )

C
C UPB IS IN I T IA L L Y 0.0
C It’11IAL.L. Y SE1 ALL P O H O S I T I L S  10 1.0 Ar~tJ ThEN CHANGE THOsE THAT I A V E
C BLiCK FOW DIk OH P~~~PELL1~I~iT[JO b lO u — 1 , N b l ~

DO ~ io
p H I h C ~( i ,~J )  = 1.0
F’H Ih G~~( I , J )  = 1.0
I~hI2TNI.J) 1.0
PI I U T D ( 1, 1J ) = 1.0
PHIHP~~I,J) :1.0
PHIPT(j(J,J) 1.0

510 C0~•1iNUL
C
C C A L C U L A T E Ir ’~I T I A L  ~-‘0R0 Si1IE S CI - (iI 1US C0I~1M I N I N G  BLACK PO~ OEK
C

CAL L BPIN1T
C
C

00 1001 I=1,I’b,~
00 1000 ~j=1,2

I I ,  J) b P I ( M L I)
1000 TLHI,J) T0
1COI CU M I N U E

C
no ~ii I = 1,NGX

TZR (I) = IL
5111 CO~,1 IN&JL

C
C *** T hiS STA T E~ LNT CAUSLS THE bLAC~ POW O[ R IN GRID ( IBFGC ,1) TO BE
C *** I b l i l T E D .

Tb IbLGC,1) :Ti~~~~I~C
C
C Pf~OfLLLAi’T is PACKLU IN GRi n s ABCVE THE RLLL TUBE O~’L’f . G~ A I~C DD 1Et~SION S ANL GF~A 1I~ SURFAC E .  1L~ PERMT1’RL W I L L  bE LEFT 0 .0 AT O1F ER
C G~J I(JS .
C t TLbY~If~E THE. F0RO~ 1TT OF bH Ir1 S C(.sI\~T A I N I N G  ~RoP EL.LAr ~I:C 1. CA LCULATE LID DENSiT IES.
C ~~. CALCULA T E THE. PORO& 11y OF .~ FULL (~R 1L) .
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U
C 3. FHU~ THL WEIOIITS OF THE CHAHGLS, ULILR~~INE THE CHAR bE
C VGLUI ES.
C 4. CALL SUBROUTINE DElPHI WHIC H CALCULATES TI!F POsITIONS CF
C THE CI-iARG~ S, THE FRAC TI ONS OF GRIDS F1LLEU WITh
C PROPELLANT AND WHiCH FILLS A RRA YS PHIBG AM~ PHIBG 2.
C
C
C *** BLD DLnJSITY Is u [TLRMINED FRO M THE REGRE SSION F DLIAT IC N ........B0,
C *** H1,E~2,B3,h4 ~iAV E PELN DF.TE .KMINF .D EX~ ER 1ME NTA LLY
C

RHOLS 80 + B1*X LO + (32*0(10 + ~3*tjIO + E’~*FLUAT (NPERF )
RHOB2= DO + I~i*XL02+ b2*DOO~.+ ~13*OIo2÷ h4* FLOAT ( i iPERF2)
pt1I02 1  • O—RIICB2/~ I1OI~2
PHIu 1.0 - HH0j3/RHOP

C
C
C CHWI2(1) AU) CI WT~~(2) A,ik. s~- pfccpE :LLI\ t~l, ch~ T2(3) 1I’ROUbH CF1WI 2 (7)
C ARE ?~‘F PrIOFELLAFT .
C

CHI CHill 2(1) + Lh~ 12(2)
CI42 C HWT 1~ I 3)  + (.Hw12(4) (Hw12 (h) + LhwT2t (,) + rht~T 2 ( 7 )

C
T F( Lh~..rE. t . 0  CO 10 ~2O
A TI~b A T P B 2
CT LT2
RHO P RHOP 2

520 COI IINUL
C
C

VOLLI- 1 Chl/ RHCb2
%iULCh~ CI /F~r1U~
ILNLi C2 = 0

C
C

IF I~i ULCh1 .1,1. 1.uli—7) CALl IjETI-H1(VULC II ,VOLCH2 )
C
C .
C *s* IlJ1IA LIZL t .RA If’~ PROPERTIES
C

910 00 5’C i=IbE.Gus.t F.NUC2
)iLII,2) = ALU
tu (I ,2) = l) ( lU
01(1,2) =
TZL (I,2) = •l c
XLTDT (i,2) = XLO
UOTLT(I,2) = 000
01101(1,2) LIU
XL2 U,2 ) = XLO 2
P02(1,2) 0002
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012(1,2) = oIo2
T Z C 2 ( I . 2)  = T b
XL2 T D1U,2) = XLO2
DO2 T O T ( I ,2 )  0002
012101(1,2) U102

570 cOMIl~UL
C
C IJFTtp~Mj r~JE )1U Jffl t.i RH UU FROM Pu ANU T O ANo OSPROP

CALL bSPROP (Hu,r~RU,R,CV0,CVFl,CV,PU.HO,10,RHU0,O .O ,0.(’ IGA ~ ~CF.1)
C

Ut) 600 ~J=1,NG~r)u e~oo I 1 , ~~GA
PC H( I ,iJ )
HbG(1,iJ ) HO
RHObG(I,J) lRhti0
UbG( I,,,1) = Uo
T t s G ( I ,~J )  = TO

LOC COf’~TIF•iUL
C - .

IF-( lLEbu G ( 3 ) )  i~R I 1 L (6 e 2 O 0 6 )
DO 630 ~j 1,NGr~

IF (IDLLL (- (?)) ~RITL(6,2LL7) J,(Phi (1,J),I 1,~~~X)
630 CO~ T I t UE

C
IFUOEBUG(3) )  Wk11L (6 ,2 00t ~

)
DO b LtO ~,i

IF 1DLl LGI~~~) 1~hITE (6,2oU7) J, Pl-’It~P(i,J),I 1.~~GX )
6’+o COtl IlIUL

C
IF(~~0 L b UG (3 ) )  WP I 1 E( E ,2 0 0 9)
CO 62t J:1,NGIc

iF IICEhU (~(3)) IRITL (b ,2OUJ7) , ( P H I b b 2 ( L , U ) , 1 1 , N G X )
625 CO~ T1NUE

C
C
C****************4******************************************************
C SET UP HOLES
C * * * * * * 4*4 * * * * * * * * * * * * ~ * * * * 4* * * * * * * * 4 * * * $ * * * * * * * * * * * * * * * * * * * * * * *4 * * * * * * *

C
C SET UP HOLES ~~ bILL TUB E ANII A tCi PSEUIj U hULLS BLTWFFI ~ ~Afl1A L RCW S
C ONE AI\~U IwO.

CALL HOLS E 1
C
C GET HOLE AREA AT [itCh GF~1D FET~ ELt~ kA(~IAl . ROW S ONE’ AN D T A O .

CAL L hOLES
C
C GET HOLE ARIA AT EACH GF1D hE1WEEN HA D1AL RO WS IWO AND TI-P EE IF
C CHAP~ IS TRUE. IT is CALC&ILA100 USINO At~ AVLRA ( E DTPt’FTtR
C OETP1NI [J F~~0r~ SUbR OUTINE AREAS.

j

Li



7 —

IF( .IOT.  C I-4 A~~3) t;u 10 700
A P EA II2 = 0.0b* PI /ULTA )*0 .5* DI~\IC — iOPl~AP )*iOPGAP*
$ S~ RT ( 2 . U/ ( b M I I  - 1 .0) )

C
C
70C Cuf~T INUL

C

C CC~ PUTL T OTAL  ~ASS Iii TItI S Y S I L l
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *4*  * * * * * * * * * * * * * * 4 *  * * * * * * * * * * * * * * * * * * * *
C
C
C *** SUP ~ . iS TIiL CIILCLLAIL L) It!I1 IAL ~AS~ 01- HL ,C K I’UWL ’t P AN r) PROPE LLAt I
C *** SUP c IS Ti- I CALCUILATIIJ 1NIT Ii~L IIASS OF I1LL~CK POW I:LF
C *s* SUt~I IS THL. CA LLILMI[F i  INiTiAL FIAS~ 0 PI-OP LLLANT
C **s T UTM I IS TIl L l I-PUT tiASS Of I’PCI’LLLMHT AND BLACK F4 ’Wn Er<
C
C LOCh IS Nisl ~Hl 1lLH I-UI- CI.,J 1 h UE .

1 (CHAt,1) WF ~i1I ( t.,~~U( i0 )
ii- (C PA P 1 ) (,ii T( ’ b O O

C
C TO Fip u Il-il TOTAL ~~S MASS , Si~ 1 THE PNOLUC. 1 OF TOT A L P0~~~c ITy*
C DENSI T Y  OF (AE *V O LL f r I L  /-~1 ~Jk Ch  GRIt, .
C SINCL GAS Uhi sil y ~t.[i GRIt) L Ei ~~ 1Ii A FE COl~S1ANT, MULTIPLY RY THEN
C A FTE R SUMM1I-G.
C *** FIRST SUN ALCIlO THL AXIL

SUP = ( , .5* (PhILC( 1,1)  +~~~h I L F’ ( j , l 1  ÷ Pr’10G2(1,l) — 2.01
SUM = SUM*PHE’AC (1)
S t IP F= (  (1. 0—1-111k ‘1 1.1) ) *HFIOI’ +( i. ( —Ph il ~~~(1,1) ) *RHOI~2 )  * Dv A X  15*0

(1. u —

VOL. L~,AX 1S
VUL.LSPO VOL *1ILLIIS
1)0 720 1 2,l’bX

C
Sl.iMF=SU P~1’+ ( I 1 . 0 — P h i bG ( I , 1 ) ) 9k H U F ’* ( 1 , 1 — I’~l 1 U b2 ( I , ] ) )* R h Pp2 ) * DV A X I S

SIJMU + i . L . L  — PHIBP(J,1))*VULPPU
SLP = SIM 4 ( 1- I I IHU(1 , L)  + Ih11~P(1 ,1)  + Pl’1hb2 (I,1) — ?. 0 ) * A R I~ C ( I)

72U’ LOP ITNIJ E
Tulic =

C
SIifr = O .5 * (I-lIhi,( 1 ,2 ) + PI,iH-(1,2) + Ih 1 h U2 ( 1,2 )  — 2.1 *~ REAR ( 1)
VOL A R E A R( 1) * UX * 0 . 5
SUP p=Supp+ ((1.0— F-hIbG (1,2))*NHOP4-t1.o—pHihr,2(1,2))*RhCP2)*VCL
SU P b = SUt~h + (1.L —

DO #30 I~~2.NGX
VOL A FLA F (I)*UX

~ L P L P ’ P + ( I 1 . O — I ~h 1b 6 I I ,2 ) ) * h lt t J F + ( 1 . 0 — f t, 1 B L~~( 1 ,2 ) ) * R h Op ~~)*VO L
S)JP’L = SU[* + (1.0 — I’t -4I LiP( I ,2 ))*hF IJFI ,~ .*VUL

SUM = SUI~ + (PIii8~~(1,~~) + I~h 1PP( I ,? )  + Pl1IB~ 2 (T,2) — 2.0)
) *AKLAR (I )
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73 o CO N) Il%JUL
TOT I’I + sLi~C

TUIP’ = T OT P~*H[lUU*L~A
C
C ADD IN MASS oF L LML~ P~ WU LI. AI~i~ 1- RUFL LLA1’d .
C

CH~ i = 0.0
DO 906 1 1.7

Li- Iwl C l k ~1 + (,HW T �( l )
90( Cot I 1NUI

C
C *** CAl LULAT F I-L!~t Li j IRHOR F UI’ 111111 A l k1i~S~, IF  I3LI~CI( P(iIi LIFi~ A O L F I UPI.

SLit’ i. = Slu R + SUii I’
C * **  WH i lE CALCULAT I  Li MA SSES Of I I L A C I  POWi ~LI’ AND PHOP1LLA1~T

IFUt UG(~~1) )  ~,UlL(h,k0 ua~) ~hIIh,S lJ !1t - ,
IF(IDLHIjG (~~I)) wHI1L (6,2OO~~) C HT C ,C I I l T
TUT~~i = CI-WT + C1,1C

~PE F’CT = ((lUlt i — SUII1)/fl ht- ,1)s 100.
C *** WRi TE TOTAL CA LC UL /tIFU MA5~ (‘F PR UFE LLI l fl Ai~Li E3L4CY PO wU~~IF- (L t E hUG(~~1) 1 WR11L (6,201’l ) 5IJ l~ j
C 4*4  W HITI T O T A L  Iii UT I-~i’SS U I L A C~ [‘Dl UF.k Aigu PkOF’EL LP~.T

I F ( L O L U L6 ( 3 1 ) )  ,pIT L(t . ,2 o0; ) TOI M
C *** W RiT E P[RCLi.T Ef<RUH

IF(I11Lhb( (~~1) )  ~r I hT L(6 ,2 0 0 .~ ) X PIPCT
luT n = lihi + LhrC + CHWT
TU T F 6 = TOll — luit l i

C *** WHII I  INIT IA L £itS i~~SS
IF(~~DLBUG(31) UR1T E(b ,2 0 i ( ) TU iPIG

C
ei) o CUPIINUL

C
iIAtLLIST/CIIKIIj/XLU,tJOU,UIO,RADHL,t ,P(),rj(El.,XCL,iiPOWH,

$ Nf OLL5 ,A 1~LAII , lINtL,DELT,TW (I(.,1J,DlOX ,T2L>,I-q iIiJ,
S~ hO, Rl iOO ,TL ,t ) ti f xIS ,1)VAX 11 ,‘ ICO NS,ATF ’ H,CT ,~~ISt, ,HW, C IPM1,flI’IM2 ,
• L~LS1,ONEL , ILll1T,AG E N , C G Lj ,
$ (!IIMB1 ,C HA M2 ,F~UHL~J ,BOHER,b~ R F A , A F L A M A , P I ( LA C H ,
• I3PRA[)0 ,(3 P1,EIuS,AG LIJbP,R0 , I(Rt ,
$ XL(JEL,D),II3I U,1bEGC,jEI~.LH,A RROI , i ,Ak (J[~2 ,ARR0 W 3 , It ’ T O T ,
$ F LL[3EG,E’ELFJJU,FRACT ,FRAC.T2,DAV (,,GAII, [CTM,OM,tIM2,O8CQh ~S,AH,
$ FRA Il, i1-Si, ips~~

, IENOC~~, CH1, CI12 , CHI~T , VO LC i-41 , Vfl LCH2,
$ PHIO2, RhOB, NG~~. XLU2 , CCO2. 0102, 1HL GC

I F U L , I I J U G ( L + 1 ) W R I 1 L ( 6 , C H K I I i )
C
C
C

RE T URN
C
2000 I-orrA r (,/,’ LOLIL 1-OR FINDING TUTh ~.HEP LI-lA th IS TFIJE IS NOT W R I T T

SLIi YET’ )
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I

2001 l - U R NA T (/ / / , *  C I-LCULAT E. D MASS ~W BL/ ’CK I- PER APO PROPE LLA NT I~ * ,
•F10.5)

2002 FUI-~~AT (//,* JIlPUT NitSS UI ELACI< PUwL)CR At’.u PR oFCL LAP T 15 * . I 1C .b)
2003 FO RMAT (/ / , * PF.l~~LNT ERR OR I” INiTIAL i itSs CALC IiLAT IOP~ IS * ,F 10.5)
2004 FU I- i s AT (/ / , * bLA CK POW U EF C/’LCULAT ELI Vi~SS jS * ,F10.5, * PHOPLLLIIP F (,

.A LCUI AT ED MA SS IS *,F10 ,5)
200 5 FOPMAT ( ,/ , * ELACK POWDE R h~.PUT PIASS JS * ,F1O.5,* PPO PE:LLA NT IF~FU1

•MAS S iS * ,F10.5)
2010 FCf~’AI (//,* T I-il INiTIAL MASS OF GA S Ii’i TPE SYSTEP’ IS *,Ftu.~~)20tTh FCRMAT(///, ’ Al~~A Y PHII3G’,/)
2007 FO[i r ,f (T (/ , ’ RAC IA L RUW ,12,/,(20X,IOF1O.6)) 1
2008 FUPl~PT (///,’ A,*i-cAY PPIBP ’,/)
20U9 F o I ’ M A l(/ / / ,*  P1~F A Y  PI!iB(i 2 * ,/ )

LF~C



1

IIJENT CLEAR
ENIRY CL EAR

CL EAR I3SSZ jO
SH1 1
SA2 Al
SM 2 X2
SA3 A1+B1
SB3 X3
MX6 U

LOOP SA6 A2
SB2 A 2
SA2 A2+131
NE 62 ,U3,LOOP
EU CLEAR
END
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_

SUE l~OUT1NE UETPI I I (V UICH 1,V OLC H?
- .  corMori,BAG/pHIb (,(6o,s), kh04G (6L,b , HUG (6tJs5), 1JB1 (60,5),

1 V13 b(6 0 ,5 ) ,  UPR(60,5), PCH (61J,5), TIC(60,5),
2 (iC,IMIG (bO), OhAG (60,ô), XtU-~AG (6O,5), DOTMB(fO,5), UPBOT (60,!),
3 I-’HIUlDUO.b), RHUBTD (E0,b ), hBG1O (60,5), Uu (;TU (E~0,5),• 4 ~BGTO (60,5),rbo (6O,51,0OTMp 6o),flOTMP(60,5),PHTBP (~~O,5),

~ Ph1P1Dt60~ 5) ,TZR (ELI ) .T8P(b0,~~) .PHI2TD(60,5) •
6 121(2(60) ,TZC2(60,5) ,PHibG2 (6Q,~~)- .  CC)P’MON/CHAPl/IA,IR,Xd,Rb,NGX,NGPI,IULGH,iENDB,1PATF ’ (6U,!5),Ar (EJ~G(E),
$ AREACH, AREAC( 60),JGNIT,GPJEI),jIA?1 ,[J1AM�,ULS1,PIS2,D153,PIS4,
$ AR R ( 6 0 ) , A H E A M X , C H A M1,CII 2 , L HA t 3 ,T U A P ,A R [A G P (6 0 ) . UA V G ,
$ AkEAH2,DIAML~1,BELE NO,BILE5EG,IPSl,lPS4~,RADPS,F~PI(,N
CUMI’,ON/IQNS,CTUX,12UR,T20),TWUIUR,UTDR ,HMb ,TWUGJ,DVAXIS,OVAX II,
$ t lA , L) R ,NX ,GJ , lw UUT ,h8 P .

C LMMO N/iN PUJT S/C 1,C2 ,C3 ,C4 ,T O ,J 1 ,UCONS ,r( HUP,PHIO ,TF ,CA ,RPIOO,
$ RO , I U ,U0 ,GT RHU P ,HW ,OM ,D M2,1j BP,QBCU~ S,TOT I~,fl IFFPR

COMMON/NE W PHI/ PH IO2 , IENDC2
C0P’iiOI\i/F’/II-RIi~1 ,MO[,CH,MOD6k,PN11,IUEBUb(3~~)
LOGiCAL PkI1,IIJ E~3UG

C HC
C DET ERMINE ThE EXTE N T OF SP PROPELLANT, CHRGL1, BY AO Q ING ON GRIP
C VOLU ME A FTLN GRID V oLUME UNTIL VOLC HI Is LXCE EOEr . T HEt~ oET ER~~INL
C WHAT INCRF MEIJ T OF THE LAST GRIt ) IS NELUED.
C PRI%,V CO NTA INS IHE VOL UME TH POIJGH liii RI~LVT OUS GRItj.
C TOT~ CONTAI NS TH[ VOLU ME THbCUCH T hE PRLSEr’T GRID .
C DELX IS It-sE LENGTH oF IS-fE LAST GRit) NELL)ED.
C RESTX IS THE bEMA INDER OF TIE LAST GRIO.
C FRALT3 iS T HE FRA C T I O N  OF TI1E LAS1 I~~1U WHICH IS FILLED W I T H
C SR PPOPILLAIiT.
C FRACT4 IS U-IE. F I AC1ION Of THE LAS ) CRIb WHICH IS FILLED W ITH
C Mp PROPLLLANT (IF ~‘F Pi~uPLLLA F1 O CC URS ) .  I:

1-IALEOX =
TOIV AREAR ( 1) * HAL F DX
IF(’vOLC H1 •Gb. TOP.!) GO TO ~~
1SAVE 1
CHH GL1 = VULCH1/AREAR (1)
RESTX HAL l-OX - CHRGL1
FRA LT3 = Ct-IRGL1/HMLFDX
FMACT’l = RISTX/I-IALFDX
GO IC 50

C
20 CuI’Ihl.UE

h O  .3t; I=2 ,t (iX
TO1 V

TOTv = T t JT V + A K E A R ( I ) * O X
I SA V F .  I
II- (TOTV .1,1. VOLCH1I GO TO ‘+0

30 COPT INUE ’
WRITE (6,1000)
Slit

99



___________________ — . — - ~~~~~~~~ — -  ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~

C
‘to COPI1 NUL

DEL X = (VO LC I l — l- R L V~/ ) / A R l . l k l ( I S A ~/ L )
CHI-GL1 = (ISAVE — 1.5)*JX + (.EL~
RESIX DX - ULLA

= ULL)’iuX
FR1t CT~t = I~E S I X / L ~X

C
50 COFcTINUL

ETitO C i Cli1~~L1
‘ EGL2 El~LCi
Ir4VULCI42 .01. i.UL—6) GO 1(’ f~~)

VOL Lr,2 = (1.0
CHRGL2 o .u
60 TO 100

C
C
C DITLIIIV IINL THE E.~ lLI Ji OF t IP P,~~ PF LLfJ~ 1 bY I- ILLII!G l i-IC ~ 4Jh OCR
C OF THE LA ST Ohi t) ~ ITH R t- p;qjl’lTLLANI ANU I I-t L~ ADDI 1Y~ GRIC VULIJ~ L
C AFTLR u~~LIj ‘iOLUI-ii~ AS UE.FURE.
C FRAC Tf ) IS T~iE F RACT IO I I I -  IIIE LASI CRIL’ FILLED W I T H  ~‘P
C PROP1 L L,d’ji .

55 rll~ uI~~UL
IUlv A R L A ~~( 1 SA V L ) * Rt - S 1 X
IF’ ~C,LCI 2 .GT • ‘rol ~.t ) Go To ~uCFW(,L~ = \/ULCP 2/,~t AR (ISA~ L)
i~LS1)’. = t~iSTX 

— CHkt~L2
IF I1S MVL •LW . j )  M T b  ChR6L2/H,~Lt- bA
IF (lSpVL .01 • ii F RACT S =
FRACT4 = Ei~

AC1 ,
~

GO TO 100
C
60 COl~ I I~~UE

I”I AT = AS I~VE + 1
IF( i t \ ILX T •L.E. ‘ ‘ G A )  t~O TO 7~
~4RIl L(b , 1 I)0 U)
STo P

C
70 COF~1 Il~Utfl(J 

~ 0 I 1N[-~~T,’.~ x
= TL IV

TO1v = lOT~# + AR EPR .I)*UX
ISA~’E I
IF ([DIV .171 • V t L Cti ~~

) uO TI’) 9~ I

C
80 Cur 1 II~IiLUl l IL(6 ,100lj )

S T I R
C
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I.

90 CIJI’TINUE
DE1.A = (V OLC FI 2 - F R EV V ) / A R I A R ( I S A V F )
CHRi,Li~ = ( IS I lw t  - 1.5)* UX — CHRUL1 + LiF t. ,
FRACT 5 LJL ,LX/DA

C
C Dl:TLktII [~E TI-il UUIUS WHIRL -u-IL Ct-iA ,~~ES HIGl I A ilO END ANl  LuI,1
C POF.tSJTIES If~TL hI IUS C U NT A 1 F I t I U  PROPLLLA i~1.

ion CONTiNUE
EN[’L2 = dF U12 + Ci iRt.,L2

1111CC). = 1
IEPLCi = ENUC:L/ bx + 3.5
I B F GC 2  = IE ,)C1

z ~juc2/IJx + 1.U
C

IF (IENIJC1 .LW . j~~ GO . TO 1~~u
IM1 IE1~DC1 — 1
DL 110 I = 1,Il~1PHIuG2 ( I ,T ~

) PH 102
110 cor i l I lut .

C
120 CO NITN UE

~tlItG 2( ILr gL C1,2) = 1.0 — f 1 M 0 1 3 * ( 1 . u  — p1 102)
T F (V O L C R2  •LT. J,OC—6 ) GO TO 1.b (

C
PtI1bG(ib EGC~~,2 .  1.0 — F NA C 14 * ( t . o  — 1~hIu)
IFUENUC2 .LP . IRLGC 2) GO 1. 150
IE( I EhauC2 .10. 1,~LCC2 + 1) GO TO il-t O
IP1 = 1BEGL2 + 1
IPil  = IENE: .C? — 1
1,0 ~3u 1 If’l,Iiij
PHILG( I ,2) = Phiu

130 CONTINUE
C

140 C Oh T i l UL
PhIbG(ILNL C2 ,2 )  1.0 — FI\ACTb*1j.o) — i r I ) )

C
150 Ci )F1ItiuL

NAP’)LLIST/PHiS/Lh~~6L1,CHRCL2,L,\ ,)L1,ENI)C�, I~CT~~~FPMCT4,Fi%AC15,
S. 1UF -C 1,j LLL( �,7 E N U C 1 , L L t J P C 2 , P J - ( O , P h A L ~IF( i l Lb U G(3 ) ) ~f ITL(6 ,PH 1~,)

C
RET U P N

C
I OflO FOF ? IsA l (II, * I - l i )  LNOUGH ,~UU 1- Ui~ I U~ t. PhUPI- LLAN T * )

C
E rat)
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SLIF-IwUl 1IJL 1~/~ I~ ~

~ At I \Ct ’ ,Ai~E/ t L ( b 0 ) , I G t J 1 l , ij .~~~~,t I ; t ; 1,LJ 1!\ f”2 ,LJ 1S1,i’ IS2 ,f lJS~~,t .iSq ,
* ARI ,~F ( 6 0 ) , A l M AA ,L HAr ~I, LI1 ~ r2 ,LHAt13 ,TUI Jb A P ,ltR (TA r~P (60),CAJC ,
S At.cEi~h~ ,Iil ,~rT t- i , L~LLLF’.L) , HLI hr~ , IF~~1 , II~S�. , i - f U R S ,  HPJG’~

Cut-~~b[~/ F/  IP~ I HI , 1t.100H , Mu011 , F i <  11 , ILEI’Ub ( 3 5 )

L0 & L C  AL l it - I T,  U t U D ,  CI-’Atll ,C I- ’A F’ i2 , I h t S- 3  ,E[-I  t~r
L(,r LC ML PRI1,IL[~~Ub

C
C SULI LIUTII E P AT h S  ~Ij 1 I IAL IZ L S~ APR/ ~Y IPAT I’ .
C ‘~?L t L1~ (F 1PMII L(iI-:RLSPOI’JD •i D THE PATH ~ uL,-~O UT Ir ’ L S Y a lt~E
C FnLLU~.J HO wJ 1 — —

C 1 — AA1S — A X 1T  3 — i(\1LR Lt —
C 5 — FSUNt- i~ ~ — I SLJ F~F1 7 — F S t i - I - I  ~ — FSi ik t - F~
C 9 — -~~Ut? FA lii — bSUF F 1 ii — L I ~f~t-I 12 — 1~SLiNFfl
C IF ( I p i~~ Is 1~~~ L fHE CHAM EEl-  CO~~SISlS of l~~O O ’ J E — P I” F lS I U N A L  PC~~S,
C ut~[ ‘~o~ US) I .L  A I S  RUUTI I4LS,  1~ tE O THER lS I ’ ~ , A~~IT R 0 ’ J T I ’ L S .
C IF CFlAI -~~ I~ T ’-’uL flI CI1A’~E3LI LJN~~ISTS OF T t-thLE ot~E— i rr’[r~s IoMA L
C R Cl~S, l t ( -  F (it-S L U k  IHOSE WI Lt-i Cl /~l 2  IS 11 01 Al i l  T~~ THIRD USII~U
C S IMT LAI~ F O U 1 1F L S .  VALUES OF IPATh CUl- NESPuJ\ D If’ THE 1\F~ ROUT 1r~ESC AS F t i L L O t S — —
C — ~X 11~~,A ) ( iT~
C — I SIiI- 2
C 1I~ — AS L i 12,hSLJRT3
C
C
C
C TI E I- OLLL,W 1I.b LUblh. IS LJSLL) F (‘U DUT F ChI~t ~ A I~L) Cl AN 3 Is

~~l
~ 1; C II I I ~UI-

IFI lr i(i,1) = 3
I F A l I -( 1 ,2 )
il -A Ih (i E~~1)L,1) ‘a
1I- t \lI - (1[N[F ,d) ~- 2
DO ~~~~

- 1=2,1- OX
If (I .E : .  liNt i:) 17’) 1Cb 5

I PA T H ( l , 1 )  = I
I I AT H ( I ,~~) = 2

8~ COl T ~ l~aJE
C
C

~~(1 CC~~iI1oE
If I .~~U T. IL LEI ( : ( 5 )  ) RETUI<r
W R I 1 I - t 6 , 2 U ( J iJ )
DO ¶it - ~= 1,MF

I~PI l E ( b,? 1( ij )  ~J , ( I FA T F ( I ,J ) , I 1 , t U A )
95 C (illINUF .

RETURi~
C

20 1f l  FURI - t / ~T ( / / / , ’ A h R A Y  IPAT H’ ,/ )
2 P 1  FOH” ,’T ( ‘ RAu I/L Ru~~ ’ ,I2 ,/s 1u x , 3 0 (  74J ,/ , l Ux ,3 0 ( 1 4) )

E I’ I
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SUBROU TIN E D IM1N
C
C SUBROUTINE DIM1ItI IS THE BARR LL ROUTINE FOUIVALE NT TO REG RESS T I
C THE CHAMBER. WE ASSUME ONLY IGNITED PROPELLANT IS IN THE CA RREL .
C

COMMON/BLJRN/ATPB , (It PEXP
COM IV,ON/GSTATE/A 0 ,Al , A2 , A3 ,AOSP, A1SP, A2SP, A3SP,
$ A 0MP,A1MP,A2 iP ,A3MP ,AU8P,A1 bp,A2BP,A3bI’ ,W tiSP,wMMP ,~uM jp ,
$ GAMIB ,CUPlSP,CUMNP,CUMBP,CAMSP,GAMj~tP,GAp ’t1~p,WMOLE
COMI~ON/LQNS/O1 DX, T2DR , T2DX, I WOT UR , 011tH , HI”B, T WOGU , DVAXJ S ,D aIAX II,
$ UX,DR,NX,GJ,T1 001,HBP
COMMON/GRAIN/ XL (60,5), 00(60,5), 01(60,5)’ FIJ ,

1 X L I D T ( E 0 , 5 ) ,  UOTL ) T (6 0 ,5 ) ,  U IT O T (6 0 ,5 ) ,  XL O ’  000, 010,
3X LB( 100 ) ,EiXL P I 100) ,XLt3 2 C 100) ,UXLB2( 100) ,L)QEJ ( 100) ,ur)oe C 100)
S0 06 2 ( 1 0 0) ,U D U B2 (j 0 0 ) ,O Ib ( l O O) , U D I B( 1 0 0) ,0 1 b2 ( 1 0 0) ,0 0 I B ?( 1 0 0) ,C 1 0 2 ,
3 DC’02.X LO 2 iX L 2 ( b O , 5 )  ,002 (60 ,5)  ,012 (60,5) ,X L 2 T D T (6 0 ,5 ) ,
(F D U2 T DT (6 0 ,5 ) ,  DI2TDT (60 , 5) ,  FN2

COMMOF’J/GRA IN2/ hI’ lBl, HMB2, ATP F32 , CT? , RHOP2, PEXP2
COMPO N/ 1NPUIS/ C 1,C2 ,C3 ,C(F,I0 ,[ IGF) ,UCO NS,FcHOP ,PHIO,TF ,CA , RHOO ,

$ I-10,P0,U0,GT RHOP, hW,D M,DM2 ,l iGIJ BF,(Th CO NS,TOTM,DIFFPR
COMMC.N/SPL Ill /W HO LEC ,W HOLED
COMMON/ES A I’ FcL/ PhJ ( i 00) .  RHO G ( 100) ,  HC( iOtf l. UG( 100 ) ,  UP( 100) ,

3. P6 (100 ) ,  16(100) ,  PMDCT ( 101j ) ,  QL( 1 0 0) ,  UIJRAG ( 100) ,  F R IC T ( 1 0 0) ,
2 Q C O NV ( 1 0 0 ) ,  IJUP( 100) ,  U F - hj ( 1 0 0) ,  LJ R HOG ( 100) ,  UHG( l0O~~, U U G ( I C O ) ,
3 AI’~ASS (100), AMOM (100), ALNEN (100), UAI ASS (100). UAM O~~(10V),( FU AU4 E R (  100) ,PH12( 100) ,Uf HI2( 100)

LOGICAL W HOLE C, WHOLEB
DATA PIDF/ .785396/

C
C *** SUBROU1INI GIMIN CALCULATES DUAL GRAN ULATIOIJ PROPELLANT COM~ US 1 ION
C *** DOTrIR AND 1,01MM A t E  COMPUTED TO DETERMiNE THE AVERA GE ENERGY CF

UOTMH = 0. 0
C **~ THE BURNED PROPELLANT.

DOI riM = 0 .0
00 100 I 2 ,NX
IF(rHI( I) .6E.O.99999.A ND. PHI2 (I)  .GE. (j .99999)GO 10 90

C *** MULT1PLRF PROPELLANT COMBUSTION CALCULAT iONS
1F (PHI (I) •GE . 0 .99999 ) G~ TO L4Q
it A1 PE~ * PG( i)**PEXP + CTBURi’~L R * TWOL)T

C
C *** UPLaATE GRA1I’I LENGTH

UX LEC I) = XLP (I) - BURNL -

C *** SEE. IF GRAIN HAS SPLIT iNTO SPLINTERS
C *** NOTE THAT (iLl) DIr-tENSIONS ARI BEING TE STEL-

IF(bOb( I)  •LE. 3 .0*010( 1) )  GO TO 20
C
C *** UPDATE OTHER DIMENSIONS

000B(.L) = 0013(1) - E3URNL
UDILs (I) 018(1) + BURNL

C
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C *** CALCULATE OLD AWL ) NEW VOLUM ES OF A GRA IN.
VOI D = FIUF * XLI-3 (I) * ( 0 0 1 7( 1)  * UOB (I) — Fl~i * 018(1) . DTE (I))
VNEW = F IUF * UXLO (I) *101)08(I) * 000B(f l-FN*UDIB(I) *U0113( i))
GO TO 30

C
C
C **s CALCULATE OLD ANt) NEW GRAI Il VOLUMES.
C A FTER THE GRA Il HAS SPLINTIRELa , V ALUES rtiP THE CROSS-SECTIONAL
C AREA OF ThE PAR T ICLES GO Ir- ru A R1~AY LWB AilD VALUF’S FOR PER IMEJER
C GU INTO AR RAY laib, IF THE GHAIIl HAS JUST SPLIMT1REr~, A4 EA AND
C PLR1MLTLR IIAVF T TO 8L INlT1ALtZED. IF THE GRA IN h A S  ~JCS i
C SPI-INTEREP, ~OL~(I) IS ABOUT 3.0 * 1,10(1) AND IF NOT
C 000(I) WIlL 01 LESS THAN UlfitI) .
2u CONTiNUE

IF (U L ’Lt (I) .11. t i1kJ ( 1))  00 TO 25
W I-jC LET C •F LSL.
AR EA = FILIf * (DOb l i)  * 000(1)  — Fr, * U1b (I)*LiIB (I))
DIII) = 3.1’, * ( t s O B ( I )  + Fl’ * 018(1))
1)0(1) ARIA

C
25 1)11K = bUk [~L * 0.5

UL)Ot~(1) = f ) UB( l)  - 0 113( 1)  * OEL(’
C

IF (UO CiU(I) .61. 1.01—7) G~ TO 27
U0C~3(I) = 0.0
UD3L~~1) = 0.0
uXLCU) = 0. 0
UPI-slU) = 2 . 0
GO TO 50

C
27 CONtINUE

C *s* AS~:UME THAi THE RATIO OF PE p-’IML i[i~ SULIA Rt u 10 CROSS — SE Ct I O NAL
C AR IA IS CONSTANT

1IDIH(I) Si~iRT (  0114(1 ) * DII4II ) / uiOH( l)  * UDOUCI ))
C
C t** VOLU ME IS LLNG1t -4 iit’iES CR O SS—S ECTIONAL A REA

VOID XLL (I) * ULb( l)
vNE W = UXLC (I) * ULiUb (I)

C
C
30 CONTINUE

IF (Vl ’L~ .LL . (J.0) GO TO ~+o
C

DELTA!,’ VOLLI — VtaLW
C
C CALC ULA TE NUMBER oF GRAINS PIP bRtO/VOL IiML OF GRID

PNLV (1.0 — Phi (i))/VOLU
TEM P PNM * ULLTAV

C
C CALCULATE GA S MASS GENIRATLO i~Y DURNING PROPELlANT/GR In VOLU ME
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PMUUT (I) = tir P * I*iOf’
CUMMP=CUMMP+TEMP*RHOP*UX*AMASS (I)
OOTNH = OOTMII + PMDOT (I) * HMB1
DOIMM 001MM + PMDOTU)

C
C UPD,IITE POR OSITY

UPHL( 1)  = P111(1) + TEMP

GO 10 50
(FO UPIII(I) = P111( l)
50 C ONTI NUE

C s** LOGiC FUR SINGLE-PIPF PROPFLLAWT
IF (I-’H12 (I) .61. 0.99999) 60 TO 95
H = ATPB2 * P~,(I)**PEXP2 + C12
BURNL = H * TWOUT

C
C *** UPDATE GRAI N U1ltLFV SIONS

UXL [s2 (I) XLI 2 (l) - BUHNL
UD0132(I) = 00132( 1)  - BURNL
UOIB2 (I) = 0182(1) + BURNt.

C
C **x CALCULATE 011) ANt) MEW VOLUMES 01- A Gt-cA1i~J

VOLL = P1OF 4 X Lb�~(I) * (00b2( I)* 1)0b2( I)  — DIt~2 (l)*DIB?(I))
VNE.w = PI1tF * UAL b2 ( I) * (00002 ( I) * UDO 1I2 ( I)  - UDIB2 (l)*UD1132 (I))
IF (VNLW .LL. 1.OE—10) GO TO ~ o
OELTAV = VOLD - VNLW
PNDV = (1.0 — t’ tII~~(I))/VOLL)

= PNUV * UELT M V
C
C *** ADD Gl~s GENER A ~E0 ~Y SINGLE-pERF PHOpELLANI /GRID-VOLUME
C TO THAT GFNLRAILO l3Y MULTI-pLRF PROPELLANT
C

PMDOT(I) I-’ht)OT (l) + TEMP * HHOP2
CUMSP CUMSP+TLMP*RHOP2*DX*AMASS C I)
DOTIIH = OOTMFI + TEMP * RHOP2 * HMB2
001MM 001MM + ILL- P * RHOP2

C
C **~~ UPDATE POROSITY
C

U0h12(I) PIiI2~~I) + TEMP
GO 10 100

80 CONTI’gUE
UXLU2 (I) u.0
1JD01J2( 1) = Ij.o
U011i2 ( 1)  0.0
IJPHI2( I) 1.0
GO 10 100

C
90 UPHI (I) = P111(1)
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95 UPHI2 (I) = PHI~~(i)
100 CONTINUE

IF(UOTMM .GT.0.O) HMB DOTMH/DOTMfI
C

RETURN
END

C
C
C
C
C

106

L



P... ~~~ -- ~ —- — -~~~~ - -~ 
— —

~~~~~~
—-------- -- -

~
—

~
-- - - - - -

~~~~
--- -- —-- - _~~~_ _== _

~_ • _~
__

SUBROUTINE D1CAG(DRAGX,ZNB,I,J)
C
C SUBROUTINE DRAG CALCULATES CURRENT AND UPDATED VALUES FOR DRAG
C IN THE AXI A L DIRECTION AND UPDATES 0101 AND V TDT .
C THE A CTUAL ORAG oslo IN THE FINITE DIFFERENCE CALCULATIONS IS
C AN AVERAGE OF THE CURRENT AND UPDATED VALUES.
C

COMMON/BARRL/ P111(100), RHOG (100), 116(100). UG (l00), UP (100).
1 P6(100), TG(10u), PMDOT (100), QL (100), UDRAG (100), FlIICT (100),
2 QCONV(100), UUP (100), UPHI (100), URHOG (100), UHG (i00), UU& (ICO),
3 AMASS (100), MMOM(100), AENER (100), UAP’tASS (l OO ), L’A~ OM (100),(FUALNER ( 100)  ,PhI~ (1 00) ,UPHI2 (100)
COMMON/AVG&T/RI4OTUT,PHIRHO,PHIAVE,RHOAVL ,UBGAVE,UPBAVE,
$ UICT,VBGAVE ,VTL )1
COMMON/CLOCK/I IME ,DELI
C0MMON/0RGCON/~ I St~
COMMON/GRAiN, XL (60,5), 00(60,5), 01(60,5), FN,
1 XLTDT (60,5), UUTLT (60.5), 01101(60.5). XLO ’ DOn, DIn.
3xLE’(100),UXLB(100),XLB2 (100),UXLB2(100),LOb (100),UDo13 (I00),
$flO B~~( 100)  ,U 0 0 0 2 ( 1 0 0)  ,OIB( 100) ,UDIB( 100) ,0182 ifO ) ,t’0182(100) .C 102,
3 0002,XL02,XL2(60.5) ,002 (60,5 .012 (60,5) ,XL2TDT (60,5),
‘e DO2TDT(60,5), 012101(60,5), Ft~a2
COM MON/GRAIN2/HMB1, HMB2, ATPB2, CT2, RHOP2, PEXP2
C OMMO N/P R1MV/ BPOE NS,BPRADUU,5) ,A GE ~NBP,bGINBP ,EX PBP
COMMON/E’AG/PHIL3G (6O,5), 811006(60,5), HbG (60,5), UBG (60,5),
1 VBG (60,5), UPU (60,5), PCH(60,5), TZC(60,5),
2 D0TMIG (t~0), UBAG (60,5). XCRAG(60,5), DOTMB (60,5), UPt3fl1((O,!),
3 PH.LBTO (60,5), RHOBTD (60,5), HBGTU (60,5), URGTD (60,5),

~ ~,BGT0(60,5),TbG (60,5),UOTMUG (60),DOIMP(60,5),PHIBP (6U,5),
5 PH1PTD (60.5) .TZR (6U) ,1bF-(f~0,5) .PHI2TD (b O,5), 1JPB~~(6C’,5),
6 TZK2U-0) ,TZC2(60,5) ,PHIBG2 (bO,5)
LOG iCAL INb
DATA 6RAV/32.1t~/
IF (PHIAVE .GT.0.98) RETURN

C
C THE LOGICAL VA RIA BLE INB 15 .TRUE. IF SUBROUTINE DRAG WAS CALLEC
C FROM A ONE— DIMENSIONAL SYSTEM WHERE THERL IS NO RADIAL vELOCITY
C ANt ) .FALSE . IF CALLED FROM A SYS tEM WHIRL THLRE IS RACIAL VELOCITY.
C
C
C SINCE A FIXLL VALUE OF ON OCCURS IN COMMON BLOCK INPUTS, IF THA I
C COMMON BLOCK IS EVER PUT iNTO SUBROUTINE DRAG , THE !)M HFTRE SF-sOLID
C BE GIVEN ANOTHER NAME.
C
C
C A AMO U ARE THE SAME. IN BOTH THE AXIAL ANt) RADIAL CALCULATiONS.
C THE ROUTINE CALLI NG DRAG SHOULD HAVE ALREADY CHECKED THAT PHIA~~E
C IS 101 1.0.
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1F(1~ B) GO TO 5
C TOTAL POROSITY WAS PUT INTO PFIIBG BEGORL T IE PATH SUBROUTII~1ES MERE
C CALLE D. S E PA RAT E OUT THE POI4 OSI 1Y OF MULTI-PERF PHO PELLMJT.

PHIMP = PHItJG(I,J) + 2 .U - PHIBP (I,J ) — P111b62 (I,J)
C
C CAL (ULATE. EFFECTiVE . uIMENS1GNS OF THE PRUPLILANTS .

IF(D0(I,J) .GT. L)1(1,J)) (* 1.5*DO (I,J)*DO(I,J)*XL (I,J)
IFUjO (I,J) .LE . UI (I,J)) 0”- = 0.t~’++*(OOU — DIO)**2*XL(I,J)
IFR sM .LE . 0.) tiM 1.01-5
LW = (JM**0.333
V FF’OP 0 .7e5 14 *XL ( I ,J )* ( DOU,J * DOC I ,J )  — FN*0I( I,,J )* IJI(L,J))
IE(~~PRO P .Li. 1.01-5) V PROP = 1.0[—5

C
DM2 = 1.5*LU2 (1,J)*0O2 (I,~J) xXL2 (I,J)
IF (UM2 .LE. 0.) DM2 = 1.01—5
tiM? = 0M2**0.333
VPRUP2 = 0.7R5~.*XL2(I,J)*(UO 2(I,J)*DO2CI,J) — DI2 (I,J)*uI2 (1,~~) )
IF (VPROP2 .11. 1.01—5) VPROP2 = 1.UE—5

C
V BF- 4. 189*BPRA U( i,J )* BPRAD ( I ,J ) * DP RAEJ ( i ,J)
IF (VBP .LT.1.E—5)~,bP 1.E—5

C
TERMP = (1.0 — P~~iMP)/V PROI
TERPiP2 = ( 3 , 0 — PhIbG2( I ,J))/VP I-cC iP2
TER,I P= (1.0—PIIIOP (I,J))/VBP
IF ((TLRMP + TE:t~MP2 + TERMLW .LT. 1.01—5) TERMP =
VTSOG GRAV* (LIM*TCRMP + 0M2*TERMP2 + 2.0*BPRAD (I,J)*TEh1 ’~t3P)/
$ (1EIIMP + TEkMp~ + TERMBP)
(,Ci 10 7

S CUN IINUE
F’HIMP PHI (I )— PM12 ( I)  +1.0

IF (UOB ( I) .GT .UIR( 1) )UM=1.5*UoiJ C I ) * EJOU (]  ) *X L B ( I)
IF (IiOB ( I) .LL.Dlb(1) )DM=0 .Ô1+ L+ * (000—DI D ) * *2 *XL B( I)
iF (UM.LE .0.0)1)M 1..UE—5
DM=L~r**o.333
VPR(,P 0.7851+*XLB (I)* (0013 (I)*UOIi (I)_FN*CIB (I)*UIB (I))
IF (VPROP.LT.1.OE—5 ) VPROP=1.UE—S

C
0M2 1.5*00b2( I) *00132(I) *XLD2 (I)
IF(L,I’2.LE.0.0) 0M2 1.OE—5
0M2 0M2**0 ,  333
VFR OP2 0.7b5~l*XLri2 (I)*I0OLi~~(I *DOb2 (1)~~UIB2II)*DID2(I))
IF (VPROP2.LT .1.OE-5) VPROP2 1.OE-5

C
TLRMP (1 • ~-PhIMP /\iPROP
TEt4~tP2=11.O—PHI2U) /VfHOp :
IF (TLRMP+TERMR2.L1.1.0E—b)T[RMP~ 1.0E—5

VTSGG=GRAV* (DM*TEHMP+DM�*TLRMP2)/ (TERr*+TtPMP2)
7 CONTINUE

IF (V1SGG.GT.VTS G)VTSGG VTSG
CONST ’.. 0*11 • 0—PHIAVE ) /VTSG(,

C
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A = CO NST* RhOT UT
B 2 .0* PH IHHO/ ( U E LT * GRAV )

C
C THE FOLLOWING CALC ULATIONS INCORPORATE THE SIMULTANEOLS S0LUTIC1~S
C OF THE DRAG ECUATION AND FiNITE DIFFERENCE EI~UATIOtlS FO~ UBG
C TO CALCULATE THE UPDATED UUArJTITY FOR 066 EXPLICITLY,
C CALCULATIONS ARE DONE IN TI- I FOLLOWING SLOUENCE C DwXT Al\fl
C DR XTDT ARE 1111 CURRENT ANt ) UPDATED DRAG IN THE AXIA L 0IH1CTIO1~)
C 1) COhPUTE DRXT
C 2) COMPUTE U1UT - UPBAVE, (UMU), WHICH I~ tHE
C SOLUTION OF A ~UA 0KATIC AND T HEN GET UTOT
C 3) CO F-~PUTE URX TL) T
C 4) CuNI-’UTI IJRAGX
C

L1FFU = UBOA VE — uI—’s3AV E
I I- (A BS( DIFFU) .G T . . 0001) bO  10 10
(‘RAUX 0.0
60 10 40

C
10 DKXT = CONST* RIIOAVE* DIFFU*A I3S( DIFFU)

C DHXT — Ii* (UTtjT-UPBAVE )
DISCRM 6*11 - 4 .0*A *C
IF(L, ISCRM .LT . 0 . 0 ) G O  TO 20
UMU = (- H + SQR T ( L , ISC R M))/ A+4
60 (0 30

C
20 DISLRP B*u + 4 .0* M*C

DM0 (B - S O R I ( U IS C R P) ) / (A +A )
C
30 LJ TOT = UMU + UPbA~~DRX 1DT = A* UMU*AH S(UMU)

DRAO X ( D RXT + UKXTOT)*o.5
C
C

4 0 IF( LNB R1TUH,~
C
C UPLATI VIOl. OHAGR DOES NOT NEIL) TO BE CALCULATED ~INCE IT IS
C NOT USED EXPLICITLY IN THE FINITE DIFFERENCE EUUATIONS Ø

IF( AbS (VBGAVL ) .LL. 0.0001) RETURN
C

DRRT CON ST*RHUAVL *VBGAVE*ABS(VBGAVE)
C ORRI - B*VTDT
O1SLRPI 8*13 -
IF (UISCRM .LT.0.0)GU TO 60
vTr1 = (-B + SORT (DISCRM))/ (A+A)
RET OR N

C
60 OISCRP = 13*0 + 4.0*A*C

VTDT (B — S~)RI(UISCRP))/(A +A )
RETURN

C
END
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SUBROUTINE F-SUKT2
C
C *** FSLJKT2 IS XULNILCAL TO bSURA 2 EXCEPT 11-sE. BOUNDARY IS AT GRiti I + 1
C *** INSTEAD OF 1 - 1
C

COMMON/AVGUT/R IIOTDT , PHIRHO, PHIAV E , RHOAVL , UE3GAVE , 0101 • VRt~AVL , VTC TCOMI~.CN/CHAM/I ,j ,X B,R 13,NGX ,NG R,ILiLGB,Ilf~.ut3,I P A T H ( 6 O ,5 ) , A R L A G ( ~~),
$ MRLAC H ,AR EAC (6 C) , IG NIT ,ON E[J ,D IAM1 ,O1A P2,O IS 1,01 S2 ,OTS 3 ,UIS4 ,
$ ARE AR (60),ARL .AAX ,CHAM1,CHAM2,CHAM3,TOPGAP,AREAGP(6 0),CAVG ,
S AREAH2 ,LIAMUI ,hLLENLI,HEL ( CG,1PS1,IPS2,RADPS,BPIGN
CUr,~ON/CLuC K/TIriE,CiLLT
CO 0N/EQNS/[ LJX,T2OR,T2DX,TWOTDR,DTDR,HM~3,TWOGU ,OVAXI s,r )VAX II,
I DA ,Op( ,NX ,b~J ,TL,~(jUT,HBP
CUP MON/GASCON/1 (U ,RkO,CVO ,LVH
COI’M0N/BAG/PHIb6 (t~0,5), HHOF3t3(60,5), HbG (b0,5), UBG(60,5),
1 ~Bb (6O,t), UPH(6U,5), PCI-$ (6u,5), TZC (b~j,5),
2 UO1 i11G (60), ~bI~.’(60,b), AURI”b (60,5), UO1MB(60,5), UPfflJT (60,!),
3 F-HIF1TD (t~u,5), RHUBTO(60,5), hUGTD (60,5), UBGTD (60,~~),
4 vbbTL’(60,5),111t,(60.5).DOTMBG (6u),DOTMP(60,5),PHIBP (60,5),
5 PH1PTUI 60,b) ,T~ hI 6U) , IBP(60,5) ,PH I2T D(6 0 ,5 ) ,  UPU~~(6 0 ,5 ) ,
6 1?ii2(60) , T Z C 2 ( b O , 5 ) , P H I B G 2 ( 6 0 , 5 )
LOGICAL IGNIT,ONLD,CHAM1,CHAM2,CHA113,BPIGPi

C
NAMLLIST/F SURCK/AUb6ER,6AM,I,,J,F4,F5.6l4,G5,E4,C4,C!~j,B q,RHOT0T ,
$ PHITDT,Ct-113GT0,QG

C
CALL GSPROP (H0,RRO,I’C,CVO,CVH,CV,PCH (I,,J ) ,hBG(I,~J) ,TDUM,
$ Rh0bG (I,U),UF3G (I,J),VBf,(I,J),GAM,CP,2)
BUGUER (6AM — 1.0) / TWO&J
1111 = I — 1

C
C IN THIS SUFJROUTIs’-IE. PHIBG REPRESENTS THE TOTAL POROSITY, 1401 ~LST
C POROSITY OF THE PROPELLANT .

PHIBG( IM1,J)
ES PHIL3G( 1,J )
G4:hI-408C- ( IMX ,J)
65 hH0B6( I’))
HL4 F4*G4*UBG ( IM1,~J)
E14 11B6 (IM1 ,J)-PCH (IM1,J)/~ ’+/778.U
EI5 I-48G(I,J)-PCH (I,~J)/G5/778.014
C5 65*EI5
OENOM 2.0
PH1AVE (F4+F5)/DENO M
RHOAVE= (64+65 /LJENOM

RHOAVE (64 + 65) / DENOM
UBGAVE. 0.0
UPPAV E (UPB(1M1,~.J) + U PB( I ,J ) ) * O . 5

C
PHIIDT = PHIB T (j (I,.J) + PHI2TO(I,J) + PHIP1D(I,,J ) - 2.0
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C *** DO NOT MULTIPLY 0LL1*L)OIMIt~(1)/flVAXI S bY 2.0 AS IN 1SUI~A9 F~ECAL SE
C *** GRID I’.IGX hAS VOLUME. OVAX IS Wh EREAS GRID 1 HAS VOLUEF Dvj~X1S/2.

RIIC-TDT= C F5*RHO;~VL~s~tiTDX*HL++t,ELT*L’OTIuIG (1)1
SOVAXIS+ (’OTMH(I,J)+DOTMP (I,.J))/PhITII
00 = W b A 6 ( 1 ,~J)
1F (K1IUTDT .LI . 0.0) WRI1L (~~,F- SURCI~)

C
PH1RHO = pHLT UT*RHu rr;T

C -

UTI-T 0.0
VTI’T t .L)

C
HIt~s’i = HbG (L,1) 

-

IF (00111011) .61. 0.0(5001) 11I~iF~ HBb (I,2)
lit 1=(F5* (C’++C5 /D1NO~~+UTDX*u14*EI4

001 MIG ( I) *111614/0 V A X l S — !~i3A G( I.J)
$+UOlPib ( 1 ,~

j )  *HMaj+,J0FMP ( I ,J) *HBP ) /PhIr~HU
CALL G S P H O P ( R O , R r ( O , R , CV O ,CV H , C V , F N ,  h U T  ,T DUM,

sR1- (oruT,uru1,o.o,oA~~,cP,4)
H116TL,(I,J) ETUT+PN/RHOTOT/77~j.O
C I—s BbT U H b 6 1u(A , ..J
IF(L HbGTf) •LT. u,&i . WKITF(~- ,F5URCii )

C
RHOLTu(I,J) t~s-sOT LJ1
UE~b 1 0( I , J )
v 11G1D( 1,J) V E I T
RLTuR l~i
F ND
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SUBROUTINE G S P RO P ( R U , K RO , R ,C V O ,C V H ,CV , P , H ,T , R HO , U ,V ,6 A M ,C P ,  IPRCP)
COrMON/GSTATE/Ao,A1 ,A2,A3,Aosp,A1Sp,a2sI’,A3.~p,$ A OM P ,A 1MP,A2 MP,A3 MP,A O BP,A1 BP,A2BP ,A 3 HP,WI ’ ISP ,WMM F- ,WM BP ,
$ GAM1B,CIJKSP,CUMMP,CUMBP,GAMSp,GAMMP, (,AI’Bp,WPIQLE
COMMION/EQNS/DTOX,T 2UR,T2OX,TWOTOR,DTDR,HMU,TWOC,J,DVAXIS ,DVAXI1,
$ DX,DR,NX,GJ,Tw ODT,HBP
DATA XJUL/778.0/

C
C IPROP = 1 - G IVEi~ I AND P
C IPRO P = 2 - GIV EN H AN D RHO
C IPROI-’ 3 — G IV Li~ H A ND P
C IPPOP = — GIV EN I AND RHO.
C

GAM=GAMIB
C
C R. CV,CPI A 1\LI GAM ’ ARE TO BE CALCULATED. ALSO , OF 1, P, H, AND RHO
C THE T W O  T HAT Ar~L NO T GIVEN A RE TO HE CALCULATE D.
C

6010 (1O, 20,30,L.D),IPROP
C
C THE LQUA TIO NS FOR IPROP 1 ARE VALID ASSUMING GAS VELOCITY  15 0.

10 CON1INUE
C -*** THIS OPTION IS USLU ONL Y ONCE IN CHSET WHERE NEARLY
C *** IDEuL CONDITIO NS EXIST AND THE CO—VOLU ME IS ASSUME D EQUAL
C *** TO ZERO.

R 1545.3/WMOLE
KHO=P/(R*T)
E R*T/ (GAM— 1 • 0 )/XJUL
h=E+P/ (RHO*X ~JUL)
RETURN

C
20 CONTINUE

R 1 5 45.3/WMOLE
COVOL=i% 0+A1*RHO+A2*KHO**2+A3*RHO**3
P R H0*XJ UL* (GAM— 1.0) * ( h-U * U/ TWO GJ )/ (GA I ’~~RHO*COVOL )
TP* (1 • 0/RHO-COVOL ) /R
RETURN

C
30 CONtINUE .

R14C p/( (64M-1,0)/GAM* (H—U**2/TWOG,J) )/XJLJL
31 COV UL :(A0+A1*RHO+A2*RhO**2+A3*RHO**3)

RHOS=R HO
F h- P/(RHO*XJ UL)- U**2/ TW O E~J
KHC P/( (GAM-1 .0 )* E*XJUL+C (JVOL* P)
IF (ABS (RH O—RH0S)/RHO.GT.0.01) GO TO 31
k~~15Le5,3/WM OLE
1 F* (1.0/HHO-COVOL)/R
HTEMP H-U*1.,/TWOGJ
GAP’ HTLMP/ (HTEMP—P/ (RHO*X,JUL))
P F/ (KHOST )
RETURN
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I
I
I
I

40 CO~ TINUE
i C *** INTERNAL ENERGY ,E, IS INPUT TO THIS OP1ION RATHER THAN E NTHALF Y ,  ~o

1
41 CONTINUE

R 1545.3/ w MOLE
COVUL AO+A 1* RHO+A2* RHO**2+A3* RHU**3

• T= (GAM—1 .o)* (E-U**2/TWOGJ)/R *XJUL
p p*T, (1~ 0/RHO—COVOL)
HTEMP=H-U*U/TW OGJ
GAM :HTEMP/ (hTEMP-F/(RHO*X~JUL))
R F/(RHO*T)

• IFUPkOP.E~~.2) H=E +P/IRI-$O*X1)UL)
RETURN
END
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SUBROUTINE HOLLS
Cx

CO~ MON/CH4 -/IX,IR,Xb ,RH ,NC.~~,i~6R,IBLt,Sj,1ENuB,IPATHC~~0,5),ARFAG(E ),
s A Ach,ARF :,~Cuu) ,IGN1T,orLD ,oIA ,~; 1,rJIAM2,oIs1,oIc;2,r)Is3,r-1sq,
$ A I E A F C 6 O ) , A R L IA X , C H A P 1 , C H A M 2 , C H A M 3 , I O P C A P ,A i ( E A G P ( 6 0 ) , Q A V ( ,
$ AREAH2,D1AMbT,0ELEND,bELOEG,IPSj,1FS2,PADPS,PPIGt~!

CuMMON/t Q(\S/ 1~1DA,12UR,T 2 UX ,T ~ UTL R,LJTC , ) iMh ,T WO C’ J , DVAX IS , DV ( - ) ( I 1 ,
$ DX, t j R ,1~’X ,U.J , 1wUtJ T ,HUP

COMhO N/ HOL FA/ 1 L,1ULU35),NHuWH , I’JhO LES(b5) ,AC LU~b I ,A F EA H ( b f l ) ,
~ A H ( 6 0 ) , F RA C L ( M i )

D1MLNSION T A ( i~b)
LOGICAL It 1~IT ,o j F U , C H A F 1 1 ,C HAM2 ,CHAM 3 ,bPI i~ t
DA lu I I/3.14i’.~~~/

C
C
Cx SIJURLUIINE: POLLS CALCULA TES T h E  HOLE AR iA EXPOSED Tt’ EAC H A X I A L
Cx GR ID, iT i- La$* S A RR AY A RIA F4 . A O LA H I) 61~w E S T h E  EXP OS Eq ‘ROLE
Cx AR LA AT 6R10 I. THE HOLE AR EA LXPOSEI) To ~ iID IS CAL CU LAT E D
Cx AS THE 5-lULL A R EA LEF I OF T I-sF. RIGHI BUUNL’M’.y UF THE r,1~In MINL sS
Cx THE h~~LE AR iA LUl OF THE. LLFT tiOuJNDA R’v Oh- ihiE GRIt).
Cx
Cx  ~~~O~~H — NU14h1 R CF ROWS OF HOLES
Cx XL LU)  — CE f J EEi .  LINE OF HOLES IN RU~ ICx RA OI- tU L( 1) — F1A t ) I ,SS OF HOLES lr’J ROw I
C* lu( 1)  — hOLt ~\ s ~Lj ~ OF HOLE R0~ I THAT ALF~FA UY IS ASS J G h E,)  TO
Cx 1~ GRID . iNITiA LLY TA Il ) IS SET MS 0. AFTER A REAXP IS
Cx C~~LCULATL t), T A l l )  IS s ET Ti ARE A X P .
C,
C

CA I.L CLLMI - (TA (1) , T;~ (85))
C~ LL. CLi:1~h C i~RLso , (1) ,  AS-tEA l- I ( bIS

C
Cs Ii 1kL~EXIS THE L r~IuS

X -UX
00 40 11 1~~ILsiDb

Cx
Cx X IS TOE COORU1I ~ 1L OF THE CiIdTLR OF GRiti 11

X X + DX
GR1Lr’iD X + .~~*uX

Cx
Cx DETE tI’I i sL TFL A M LA UF EACH ~~~ 01- PULLS THA T LIE S hEFORL THE
C* F f~’i: (-1- 11-s E b s-i I[j
C
Ct 12 II’ DLXLS THE FOwS UI FULLS

00 ~O 12 i,Nl’-u~ 1,
Cx
Cx ~F i l-il. t f ~:L) OF U s ’ A L  11 IS 10 Il - E LI FT (‘F HOLES IN (~

(
~‘t 12 ( 4i~jL 1)-iS

Cs l I - sE  R[ ST IF I F  L r O W S )  ,
~o HL~ F ~uL1 Ab ’ E A IS E~’.H ’SL P TO G~ 11) 11

IF U,I-LjLrfl .LE . XLL (I2) — N~. I s u L ( 1 2) )  Go To 40
F L O 1 \T U ~hiULFS ( 12) I
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C
Cx IF THE END l~F 15 -li Gh~I0 IS TO TIlL RiGHT OF T I E  HOLES IN ROW 12. POD.
Cx THE LI~1 IR E AR E A OF 1 I-s E HOLES IN ROW 12 Ti. AkLAX P
Cx OTHERWISE T l-t L Fi’ -0 OF THE GElis LIFS W ITHiN HOLES I~ POW 12 AND
Cx THE AMOUNT (‘F EXPOSED AREA WILL I-il DE TERMiNED .

IF(G RLSE NO .L1. X C L ( 12 )  + l-~AOl-4OL (I2)) 60 10 10
A RFA XP =
GO 10 20

C
C
Cx

10 111th = GitL) E M) — XCL (12)
Cx F I F~D HALF CF 15-IL CE NT RAL A M L E 10 THE CHURl; AT TIlE GRID EN D

THETA = AC O S (AE S ( IERM)/ HA L IsO L I I 2) )
Cx
Cx FIND A REA OF CIRCULA R SECToR W H O SE CENTRAL ANGLE IS 2t1i-LTA ANC
Cx ARIA oh- 1RIMNOLL FORMED BY THE CHORD ANU NA LJI I

I,CSC RAIJHOL (I2)*RAPHOL (12)
AREAS
AR E ~ I = SORT (RSN - TERPIxTERM ) tAFi S ( TER M )

Cx
Cx EXPOSE D A REA Fi-sO~’ Ij i\tE HOLE IS  SCCTOk A P L A  — IN1AN GLE ARE A OR Th- E
Cs hOLE. A R EA MII~US Fills

A RIAXI ’ (A R E A S  - AR EAT ) * Ff \ i H
IF (1E HM .~~1. 0.0) AHEAXP PJxRSQ*FNI — ARL AX P

Cx
20 1S l-tt ,~h’.11) = AR1 i~s-iiI1 ) + M’~1A ~~P — T h t12 i

Cx
TAU2) ARLAXR

30 CONTINLsL
C

IF ( A PEAH (11) .11. 0.00001 ) ARI -A Il (I1 ) =
40 CoI- lIIJoE

C
C
C CA L C U L A T E  A h ( 1) ,  THE. BILL TU BE A REA IN G R I D  1, A l - C T )  DoES i~oT
C INCLUDE ARE- A OF- PSEUDO—HOL E S.

CALL CLEAR hh (1) , hO (60) 1
DC 60 1=ILEO3 ,ILi’ L.H

A I-s (I) = AR L~~t l ( 1)
60 CU~.’1INUF

C
• C IF TI-IERL IS ~s PSEUDO HOLE AT GRIL IBEOI3 UI 1.1 GRIL- TEND), I1~

c A RLA SHOULD NO~ IIA~Jt- EsEEIJ INCLUIJLD .
- 

C xxx  TH ERE ARE No PSL000#IOLES AT GRIL Igloo . TIiLRL I~ nNE A l IHLGB .
C x x x  IT HAS RA DiUS (SoOULD BE 0.u I’ i’LSIIEL(fl ,

APSLI.ILS PL*NA LJIIOL (i)*KAL)H (,I (1)
-- AH ( 1BE:GE = A s.  I’~LbU ) — AP~ F :ur.

C -
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C CA L C U L A T E  F S~AC 1 (1), T HE. FRA CTIONAL VOLul~S- of A (RID I01 iN[)EF~ IF-IC DFLUEi~ci OF T i si (ILL L TUbE FiDI F s. THE vui Lir~L cOr~ I O E R E ~ TO GE
C INFLL-FDCEI) IS r~-~~~o ON lORE C S 1t~CS THE hit~P ]SPhi(RIC~~L VI )LLJ~IE
C CORE-ui LU Fs - u~ I hi. h.\u Ius OR A rOO F h OLE

1)0 7 c~ I I , .5 L I- .U(I
FRACT ( 1)  3.. ii — 2~ U*SURT (A l  • ( I)  sAl - i ( I)  *Ml ( 1) / I- I )  / ( A~ LA R ( I) sC X
I F ( F R M C T ( 1 )  • LT. 0 . 0 )  F PA L T ( I )  U. u

70 COI’~lIl’~UL
i-~ El s P l\
END
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SUF~ROUTINE HOLSET
LO ION/CHAM /IX ,IR,XU,Rb ,N6),NGR,IhL (,B,Ih1jUB,IPATH (60,b),AHLAG (~~).$ A P LAC H, A RI -~A C ( L 0 ) , I ( N I T ,OIIED,L) IAM 1,L1A N2 ,LJIS1 ,CIS2 ,DIb~~,UIS~4 ,
$ A H EA R ( 6 0 )  ,AREAb% X , C HA M1 , Ch I sF - 2 , C HAF ” 3 , lU P (~A f ,A f t I I~C-P (~~0)  .Lj A V ( ,
$ ANE AH2, I1AR L 1F, I . LL E_ ND, BEL LE r ,II-’S1,IPS2, I~AL,I-’S,BP I(,r%I

cOr~~ON/E S/ nT L ,X ,12UR ,T2 Dx ,TWO T D R, L , T LJb,HMp.Iwor,u,D~,A X Is , r )vAxI l ,
$ I ,A ,F J b ,NX ,GJ , 1WU I1 , I -SBP

CUMI’ON/ IIOLIA/ RAIlHOL( 85 ) NROtj H, NHOLE (~~5) ACL (  8~’)  , API Af I ( 60)
$ A h ( 6 0 ) , F R A C 1 ( b 0 )

DIMENSiON D T E M R ( ’ - u ) , NT I M P ( 5 0 ) , RT E M P ( 5 0 )
LOGiCAL IGNI1 ,ONLL’,CFl A 1’:1,CHAh2,ChlA ,~3,BPiGN

C
C THE DISTANC E (10 INCHES) BElw [Er’~ THE CEMLR LiRE OF IICLES IN RC~ IC A’jU i tiE CL1~TLIt Lu ll OF TIlE PHLV1I’US ROw OF HULLS WA S INpoT 1NTC
C XCL(l), XCL (1) CONTAINS T~ i UI~~TANCC OF ToE CINTEP LIF E OF h O L E S
C Ti~ DOW 1 11<011 1 h[ BL GINNING OF- Fill CELL 1 iRE
C NIJrELP OF 1- OLIS 1~ l ow I WA S INPUT INTO NHULIS(I).
C RADIuS U)- RO L LS  As ’ , S UW I WAS iNPUT INTO RAIJHOL (I).
C PS EUD~ hULLS ~ 1LL BE PUT BEFORE A ND A F T E R  ThE BILl TII~ E AND
C TREA TFu T I-IF SANE AS HOLES ON 1HE L3ELL TORE .
C IF-il POSITIO N OF 1,,L CENTER LINE OF HOLES I.~ HOW 1 ( IF’ FEET )
C WI LL DL PUT iNT O x C L ( I ) .
C
C TEt~F’ORuRiLY SIokL 11.1 INPUT ( IATA ABOUT THE HOLES.

IF(l’.POwIs .Eu. in t,o TO 102
00 100 I=1,NHUwI

D1EP’P (l) XCL (1)/12.
5’TEMP (1) \I5-IOLLS (I)
FTLNP (1) F,\OHOL (I)/12.

l oss  CUf~’i ls~UE
102 COF~~IN UL

C
C PU1 PSEUDO HOLES SILFORL THE pILL TUBE.
C 5m bPS, IRE RI~O 1US OF THE PSEUDO HOLES, 15 CALCULATED 10 GTV E . A P C U T
C TW ICi i~S MUCH AREA AS HOL ES ON THE BELL TUBE.

RAHI S = 1.U*DAAr tBl*SORI(DX)
Il- SI. thEE-i-,

C
C IF THL DELL f URL DEGINS BLFO,~E GRID POiNT IBEGB, THE RE SHOULD i~E NO
C PSE000I-IUL E AT ( - k i t s  PUINT IEWGfJ .

00 105 1 1,IPS1
XCL(I) FLOAIU— 1)xDX
F’,HOLES( I)  = 1
RADH OL (L ) = RAUPS

10~ CONTINUE
IF(bELBLG. LT .UA ) RA LJ HO L I 1)~~i ,AU HUL( 1) *SCI-<I (6L LBEG/ f lX )

C
C SET UP HOLES ON THE BELL T IGE,

IF(NROw H • LD . 0) GO TO 112
11 = IPS1 + 1
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XCL (I1) = ELLBEG + OT CM P( 1)
NI-IOLES(I 1) N1L11P(1)
RA DHOL( I1) RT LR P( 1)
IF(NRUWH .10. i~ ,O TO 115
DO 110 12 , NRUW~

I]. Ii + 1.
XCL (I1) XCL(11 1) + DT LM P( I)
NHOLES(I1) = i~jT LMP (I)
RA DI-tOLII1) = f t I LMP( I)
J F - ( X C L ( I 1 )  + RAU HOL( I1) ,LI. Rh INO ) GO 10 110
I L A S T  I - 1
tqkITE (L,21.1 b) I .NOWH,ILAST
11 Ii — 1
oD 11) 115

11(5 C0F’TINLIE
11? IF (IiROWhi .1w. Ci) Ii = IPS1

C
C THE LAST VALUE OF Ii I~ THE iiUMI3LR OF Fi0L1 5 SO FA R .
C SET UP PSEUDO HULl S A FTER 1111 uLLL 1 i~~ ’

115 i~R0W H I1
IPS2 1ENUSI

C
C *4* ltlF t~E S000L-IJ LiE NO PSIUDOHOLLS AT GRID IL ‘~Db.

IF (IjHUWH .Lw. t~5 1GO 10 ~~t~~)

C
C C L E A R  HOLE A ( <~ A ’Y EN TRI E S  W hE,~L TIiLEL AR E l(J I-IDLES

NA1 ~J ROW H + 1
CAL L LLUAR (XCL (I!II1),XCL (8~~))
CALL CLLAR (RA (iHOL (I’iH1 ),RA3hUL (i-j~n)
flu 131s 1 M-tl,C$5

N1- IOLES( I) = is
13(3 CoOl 1l~UL

C
1455 Col-IT jNtJL

C
K I I uRN

2010 FO P h AT (/ / , I 5 , ’ WAS INPUT AS TIlE i’IUMf4FI- OF ROWS OF HOLES ON THE BEL
$L TOOL, 13111 (JI,ILY ‘ .14, ’ FIT  0 J  Till lUBE’)
I S~ I
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Su8POUTINE P’sFLOW
C
C

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
$ MFLAC H,ANLl)L (6U),iGI\3IT,CJs~LD,LIAs11,UIAlb l 2,UjS1,O152,I)1S3,(,IS4 ,
$ Ak[AR (~,O),AR AAA ,CHAM1 ,CHAs-2 ,C,lI 3,(OPG,,P,AkEAGE(~~O),UAV(,,$ p

~~EAl12,uIApbI,BLLENu,uLLbLu ,Ips1, i rs2 ,RAu Ps,oPIGl-
CUMs~sON/ GA SL UN/ R u ,RRU. CVO ,CV t- i
COP iOL/HOL LM /l%MDl (OL ( 85) , NR1I -~~~, NF’uLLS( t~5) , XC L ( 85) , AP EAII ( 6 0 )
$ Ah (60),FRAC1 (O0)
C r t ON/INPUIS/C1 ,C2,C3,C’I,tO, 1ICN ,WCOIJS,fi s-ICIP,pHIo,TF,CA ,RHC.0,
$ HU,F0.UO,(,1RHUP,hi~S,OM.tJF? ,TIHHbP,biBLUslS,1OTM,CsTFFPR

C0P(I-l(a~~/ hA U/HFl IhG(b0,5) ,  KhO :D(60 ,~~), Fib b(60,5), UIG (6O .~~).
1 VLG (b0,b), ~~~~4 ( 6 ( I ,5 ) ,  frC~$ (~ ,U,f1), TZC (b0,5),
2 Q O 1 M I G ( b u ) ,  ( . Fj A G (6 0 , 5 ) ,  s~L-AU(E1O,5 ), UuT~lB (6O,5 ), UpUflT (6D,~~),
3 PI;iu T O ( t u , b ) ,  I<IlOBTD (6r~,~ ~, H~~~T D ( b U , 5 ) ,  UBGT D(6 0 , S ) ,
4 V P G 1 L (6 u ,~~) ,) H( j (6 O, 5 ) .LsC - T 5-Il t , (€ u ) , {~O 1sv t R ( 6 0 ,5 ) ,P HJ l 3 P(6 t J,~~),
5 PhiI-lO(E~o,t~) ,TZR (60) ,T bP(o ( ) ,~~ ) ,PII12TU(bti ,5) ,  LPp~2 ( E 0 , 5 ) ,
6 TZr ~216u) ,1Z C2 (s-ij, 5 ) ,PH1BG2 (bU,~~)ET)IPLIJSION UU1 R(oO )
LO1’ICAL IGi ~ I1 ,Ooso,CHuM1 ,Cr(~~ 2 ,Ch,~t’ .(~PI(.N

C
C
C
C SUBRoU1INE. F - f L O~ CA LCULA ILS THE FIASS 01- GAS FLowI NG pET .jEEr-~ lwC
C RADIAL i-lOWS lHhuU~~H HOLLS i~ l i-i E: HILL iG~.ifLK TUB E ~ -iC Th~~OU€I1
C I’SLIIUO HOLES . IF LC ~. CALLULI.1LS Ti-u CF”IKIES OF A RRAY C0T~~t ANC IF
C CHA~ 3 iS TRUE, 101 LN T R I L S  ~sF 4Ri-~AY OOINBO .
C DOT~~IG(I) IS Th E  GAS SIASS FL OWIUD i3EIWLE.lJ Gl~LDS (1,1) A~ lJ (1.2).
C + UOlr~.IGU) uCC L’I S IN 1HL Ps-. ils U(’UT IN[~ F0r URIDS WH ERE ~~ i A N C
C — L~Ul 1 1 IG1I ) ~Itt I’L J2.
C DOT~ bG (I) iS Tl-~I. DAS ~1ASs FLR ~II1G j~3ETWELj t,,~IJs (1,2) A< C (1,3)
C WHEF ’ SiA DIAS s-~O~~ 2 AN D 3 As~ CO~~’1bEs<IL) 1lu~ l•1E, C ENT •?Nr~ LTHENSI CNAL
C SYS 1 LP~b.
C + O (Jli’lbG( I) UCCUoS IN ~hF~ PA TH -(GUI INI S t O.( GiUDS WHE RE ~=2 ANCC — t ) O I f ’ B G ( I )  CCCIJKS v~l-iEHL ~J=,),
C A HI~AT S u011 1. 41 u LOl” IJG A ’ L  LLLhS- Lt II’~ ~MIN AT EAC H I It~L IF ’lER~.sAL .C

LOGI CUL Ll’FLC,’ .(t ~t i)
DA TA Lr I FL ( ,W / s— U 4- .FA LS E./

C
C xxx i O(-L (ML VAI - iI’t Lt -  L5’~F L O W ( I ) , ILL  lii sli .1- A LSE. Lr. I IT4 L,  Y — —  Wl -~EI~
C *** l’ I~ESSURi ~ l IFt  r-t I IL IS S1~ l- IC ILoT i’J a~-SI L1’~EP L~!FL :).4j(I) W ILL P1
C xxx Sti • TR uE. ;~I’ j  I i - N ,~IN  •
C

NGX1 li~ X - 1
1 U 1
II- (CRAI~3) LU =
,_J = I
r,u Io~~~0 -
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C
ID = 1
J 2

C

~~Ii CDI 1T I’4uL
UI—i = U + I
CALL ILk Al S L i D  I 1 - ( j  ) ,uOTr ~( 6 o )

C
C
C********~~***4*444**4 44****4**4*,*****~~***44*x***x44 s**e**4,t****4*4~-.*
C C.)I~FOTL uAS r A ~ I LOW ILt ~ d l i  I A l s L A

C
c ‘~-A~ S F- L.U~i I dI~ DHi A l  j J i-J5 AO L , Lf  L,Oi’ F FUR ORTUS rr[ YOI’ ‘~~ I Hr. U I CF I D
C ***  [LII. iti lE
C

DO h O  I 1,ILI.UL’
C

RH F Cs i ( i  ,J)
PA PCII( ] ,.j I-~1)

C
C st ir II- LINL I-: I~ l l< (~i L I  sit) POT CFI LCI-( Urs uI,h5I]~~~. IF LI’Es~ IS STiLl.
C *4 *  1~~1M( 1 CII It~ 1 ( 1  ~ UNS Ii ~~~
C

IF ( Li’I-LOW (i ) I 0-) 10 9
[F ( A~~S(PR 

— I N) ,LT. DLIII RI GO ID bO
I.MFLOWU ) • T h u € .

q CF ( AHS (Pl — F i r ) •L1. 0,OuJ ) oU To t~~ij

C
Cs LIE T EIr P iRE T IL &J1KLLTIOPJ OF 101 FLO W , iF FR IS (,RFATEN Th~A!l PA ,
Cs GAS iLu~ S C L I  UI THE T O RE, lr 1~~~~~w I S F  Ii F- L.j r-.S INTO THE TLI3E,

IF ( PR .L1. PA ) GO TO ~~IsHR =
C
C* PCOVI-’ IS Ai’~ AP i-’O~~,i,sATI ~~~~ IC PI(LSSUI’L FOR CIR,Krr: (

~~‘~CH NO. 1)
Cs FLOW. A~;SI~F’.L OCU~~R IS P01 l L~~ THA N PA .

i s .

IH P(L P  •LT. PP ) F’~~t1~~I-’ = PA
C

CALL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~$ Ut~&( I’~J) ‘0.(’ ’r4~l i< ,LP,3)
C t’IMPIl G MN — 1.0
CONS1 = 2.01 (0MM + 1.0)

=
CUI’.52 = ~~.0/ s~i Nr11

C
Cs P S I M I  IS SON I C STAT iC PRE SSU R E

PSI AT = i-’t-( *LUlJSlS~ l’1 r
C
Cs F~ IS 5—ACH NUrbib, IF I’M 15 LISS Th~A s~ I-~ - i . ~T ,  F M I .  CTl$LRWI~ E
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C* FM IS NOT 1. Al sO i~US1 BL CALCULATED,
FM = ~~.ti
IF (PA .LT. l-’STAI ) bO 10 j~~
FM SCI (T (  ~~~~~~~~~~~~~~~~~~~~~~~ — 1.I.J)*CO NS2
PSTAT

C
it) HSIAT I I - P / (j . ( J  + FN*f si/C~ NS2

C
C SiNC E GAS IS FLI.wlrrt , FROM (

~l~Iu  (1,J) 10 c— bI L~ (I,J+1), 1)rjlP’ SHOLLU
C t~E NEGATIVE.
C****IS l- l I1LIG(I,?) OhM

COTM (1) — .203*6MM*PST14T*FF’*CM/SuRTlbr’l lI,’lI~ HSTAT*PfIIRG (1,2))
GO TO ~~u

C
C
C

• Cs THE L0OI1-~G WhEir )~~ IS LESS THAN PA IS ISS1:~1 IALL Y TII1. SA frE AS ~F O V F
C W I1H PR AND PA It’j TLt~ChANt,Lfl.
40 CONTINUE

HA A = ht3G(L,JPII
PCOMP O.55*PA
IF( PCONP .Ll. PR P~ rp~P PR
CALL GSPRUP (N0,RRU,R,CVO,CVH,CV .PCOhIF ,FIAA,TUIJN,RIiODo ”,

S Ubu (I,JP1)’U.0,GMM,CP,3)
C

GMMM1 = 0MM — 1.0
- CUNS1 = 2 .0/ ( bP si + 1.0)

PWR GPsM/GMMM1
CON S 2 = 2 .u/c,MMF4 1

C
PS TAT PA*CUNS 1** PW N

• C
FM 1.0
IF(  PR .LT. PSTAT ) GO TO 50
FM = S w r ( T (  ( ( FA / P R) * * ( t ,~’MM1/t,MM ) — l . 0) * C ONS 2

50 HSTMT HAA/ (1.0 + FM*F~u/COI1S2 )
C
C S1NCL GAS IS FLOW ING FROM GRID (I,J+j) 10 GRID (I ,J),OOT~ SI-ICULC
C 131 POSiTIVE. -

— 
C****IS I iilb 6(I,2) OhA Y

00111(I) .203*GMM*PS-I 4T*FM*CA/SQk1 U,Nl~M1*HSTAT*PllIl ~G(i,2))
C

• 80 CONTII!IIE

£ IF(t.hArd l3 .A NO. IL) .EQ. 1) C~u 10 120
C
C
C**************-********s*************************************s****** *
C FILL ARRAY L’UTP”IG
C~~s ss* * * *s* * *s* * * * * * * *** * * * * * * * *ss*-  **********************  *s * *s * *s * s * *  *x *
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C
C AVER AGE uAS MASS FLO~ AT hAll-I GRID .

POTPI(-’(l) o . b* ( L u r l u ( 1)  + JOT Ps (
~~) ) *Ah ( L( I1( 1)

00 100 1 2.I\GX1
IDO1P’ I IG( I)  O . 2 5 * ( L J O T M ( 1 — 1)  + O O TM ( 1)  + DOTM ( I)  + U C T M ( I+ 1) ) *

S ARLMH(1
100 CONTINUE

DCTrs IC( Nbx )  0.5SIOOTM(F’iG)Ij) + D O T M ( N G A ) l ~~uHElIH(I’,( ;’ 1
C

00 10 (200,5),IU
C
C
C*xxs*******s*s***********s**-x*s*s**********ir*s*********s***s******* * * i r*

C FILL A RRAY L~OT MbG -•

Cs********************************************************t*********-$***
C
120 CONI INUE

OOT ME~G( 1)  (),5*(DU TM ( 1) + O OT M (2 ) ) *A K 1 4 02
DO 130 1 2,NGX1

COTMBG (1) O.25*(DOT~; (i— 1 )+  CIOTMII ) + UOTM (I) I OOTM (I+I))*
$

130 CONIINUE
t J OTP s BG ( NGX )  0,5* (UOTM (NGX1) + DUT M( NGX ) ) *A R EA H2

C
200 RETURN

C
END
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SUbK(jUTTNE MOTION
C

COPMON/UXVI4LU/OXPS
CO~ MON/1lA~ kL2/I3OREA ,XP ,VP,GORED,BORER,b0ftLLb,DT2RU ,DT 0~ Q,A LEA l~
CUMPsON/CLOCI(/T u s E  ,OELT
C OM M O N / E ~ NS/D 1UX ,T2D R ,T 2DX .TW OT DR ,DT DR,HP~3 ,T v ~OGJ, D V A X I S .0 VA X I 1 ,
$ OA ,[J H,NX,t ,J ,1WO E,T,H BP

CO MPsO N/GAS COIV/ H u ,FRO , CV )  .CV H
COMMON/bR IL)NX / iJ)( t~RIM
COMriCN/bR A In~/ AL(e0,5), Uu(bO.5). (31(60,5). Ff1,
1 XL iUl (b0,5)~ LsUTEsl (60.5), D1T{)T (6o,5). XLI.)’ (300 , 010.
3XLR (100),I,XLII (idO),XLB2 (100),UXLB2I100),00B (100).U008 (i00),
S00112( 100 ) ,000b2 ( 100) .OIB ( 100)  , 0 0I B (  100)  , U I L 3 2 (  100)  .L I D I B ? (  106) .C 102 ,
3 0002,XLO2,XL2 (6o.5) .0O2(bU,5) .012(6(3,5) ,XL2TOT E0,E),
4 002101(60,5), IJI2TDT(60,5), FN2
COP~1ON/GRA1 N2/HMB1. HMb2. ATPB2. CT2. K1iOP2i PEXP2
CQMMOI~/MOCUFg /CON3,CON4,CON5,AREAPh.ZO,WOB,XUB,FDMAX,PI~~~R ,
$ CF,KALaPB,PMASS,XINT,PINT,XLO,PLO,CON6
COMMO N/P/1I~H1NT,rtODCH,MOD6R,PRI1,IDLBUG(3b)
COMMOII/I3ARRL/ P1)1(100), RHOs (100), HG (10(.~), UG(100), Up (iO0),

1 PG(100), 10(100), PMDOT (100), QL (100), UURAG (100), FRLCT (100).
2 QGONV (100), UUP(100). UPHIUOO), URHUG (100), UHG (100), UUG (1GO),
3 APIASS (100). A1IOM (100). AENEK (100), UAMASS(100). UAP’Orl (iOO).
4UAE NER 100) .PH12( 1013 ) ,UPHI2( 100)
LOGICAL PRI 1,IL)EBUG
LOG ICAL ;V~~bE2
DATA NXGE2/.FPLSE./
(JATA BPRES/2116./
DATA CSF’i)/ilOO./
OATA (iELJ/0./
DATu ZPRI/C/
IJATA XJUL/778./
DATA GRAV/ 32.ib/

C
C DETE RMINE PROPULSIVE FORCE ACTING ON THE PROJECTILE

F = PG (ivX)*AHEAPb
C
C *** CALCULATE ROTh AND THETA WHiCH ARE RELATED To THE TwIST OF THE
C **s RIFLI~4G, THE TWIST OF THE RIFLING VARIES ~1TH 11W TR A VEL U O W N IH~
C *s* BARREL.
C
C XP — XOB IS THE TRUE OISTAf~cE OF THE PROJECTILE DOWN T u E  HA RR EL .

TUUXP = Xl-’ - X Ob
IF(TF(UXP •LT. o.13317) DYOX = .01042272 *TRUXP + .O697bi,.V~
IF (IRUXI’ ,GL, b.13317) DYOX 0.17453
OYDX=0 • 157U~
THETA = ATAN (UYO)s )
ROTIc = 2 .0*DY L)X/ bORED
CS COS (TIvLTA )
SN SZN(THLTA )
COMI CS - CF aS~
C0N~ = RAUPP/ (PMASS/GHAV*RADPR*C0il1 + PJNLR*I(OTPSS (Sf + C F * ( S ) )
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C
C DETERMINE FOPRI II, THE ENGRAVING 1-ORCE ANt) SLIDING RESISTANCE
C XOB iS THE INITIAL PROJECTILE POSITION~ -PDS11ION WHERE ENr~HA V If ~G
C (1EGINS, WOB IS THE LENGTH OF THE f:rSGRAVING IJA !JP.

IFtIRUXP .01. WOb ) GO TO 3Cr
FDPKIM ZO + CON3*TRUXP
GO 10 50

C
30 CONTINUE

IF (THUXP .01. XINT . GO TO 40
FUPRIM = FOMAX - CUN4* (TRIIXP - WOB )
60 10 50

C
40 CONTINUE

IF (IRUAP .bT. XLO) GO TO ~5
FUPRIM = PIs~TsAREAPB — CUl-i6*~~TRIJXP - Xih1 )
GO lo 50

C
45 CONTINUC

DEIC = 0.2*OELU
CSPo = cSPD + DELC
DELI’ = 1.4*I3PHES*DELU/ (CSPO - 0.6*DELU )
I3PRLS = E3PRES + h ELP
EDPRIM (I3PRLS+PLO) *AREAPH

C
50 CONTINUE

LIPI I MOU (IPRI,bU )
IFUDLBUG (33) .AND. iIPRI .10 0) WRITE (6,5000) IPPINT ,FCPI- I1’
IPRI = IPRI + 1

C DETERMINE PROJECTILE AXIAL ACCELERATION
ACC = CON2* FSCON1 - FDPR1rI )

C
C IF THERE IS NO MOVEMENT, NX AND OXPRIM RIMAI THE SAME .
C****IF AIC IS USED ELSEWHERE , MARE IT NONNEGATIVE BEFORE RETLHN1NG

IF (ACC .LE.0.IJ.ANU.VP.Lh .O.U) RETURN
C
C PROJECTiLE A XIAL VELOCITY

~,P0 = VP
VP = VPO + ACC*DELT

C
C PRO.JLCTILF. 1~R6ULAR VLLOCI1~

OMEGA = HOTI(*VF*9.5493
C
C PROJECTILE AA IAL POSiTION

XP Xl’ + VP0*I,LLT + ACC*CG~ 5
C
C DETERMINE TI-C NUNRIR OF GRID$, tX . AND THE SIZE OF THE LP.~~T GR IC
C NGC SA V ES TF~E NUMBE R OF GRIOS BEFORE PROJECTILE MOTION

NGC = NX
C
C NUMBER OF GRIDS IN ULCIMAL FORM AFT ER PROJECTILE MOTICN

XNG : XP/DX + 1.0

124
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~ ::
C NUMBER OF TRUE GRIDS

NX XNG
C
C
C SAVE THE PREVI OUS OXPRIM

UXPS C,XPKIP
C
C DXI-RIM iS THE WIDTH OF THE. LAST GRID.
C DXPKIM WILL BE .01. DX AND .LT. 2*DX.

DXPRIM = (XN1, - FLOMT (NX -
C
C
C
C FILL THE ARR AY VALUES Al GRiD NX
C
C c,E1 UPDATED PI~1SSURE AND 6AM AT PREVIOUS GRID NX

IF(NXG (2) 0.) TO 80
IF(NX •E0, 1) Go TO 100

NXGE2 •1KUE .
UI-lO ll ) Hti(j)
URHOG(1) RHOG (1)
UUG(1) Ub (l)

80 CONTINUE
CALL GSPROP (R 0,RRU,R,CVO .CVH,CV .-PG NGC),UHG (NGC),TDUI’,LJRHO&(NC-C),
$ UU&UJGC) .0.O’&A1-i,CP,2)
HTE PtP LJHG ( NGC ) -DUG (NGC ) sOOt (NOC ) /TWO6J
(~A~~ HT1MP/ (hTEMP-PG(NGC)/(RHOG(NGC)*XJUL))
GAM1 6AM - 1.0
DELVP VP - VPu
C S~tRT (GAM1* (GJ*UHG(N (iC) — VPO*VPO*0.5))
CPK1M = C — O .5*GAM1SL ELVP

C
C GAS VELOCITY Al GRiD NX IS THAT OF THE PROJECTILE

UUGINX ) = V P •

C
TEMP = GAM*OELVP/(C + CpRIPi~

C
C NOTE THAT PG (NGC) HOLDS UPDATED PRESSURE AT PREVIOUS I X  GRID

PRES PG(NGC)*(1.0 - TLMP )/( 1,O + TEMP)
C

TEMP VPsVP/TWOGJ
UHG(NX) = LPRIM*CFKZM/ (GAPsI*&J) + TEMP

C
CAL L GSPROP (R0,RRO,R,CVO,CVH,CV,PRIS,UHG (NX ) ,TDUM,URIIOG (NX),
1 VF ,0.0,GAI ,CP,3)

C
IF (NX .61. NGC) UUP (NX ) UUP (NGC)
IF (UUP (NX) .61. UUG (NX)) UUPU4X) = ULIG (NX

C****THL FOLLOWIN G MAY NOT BE NECESSAHY
LJAP’ASS (NX ) UAMASS (NX-1)
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I’AMOM (NX ) UAMO II (NX-1)
UAINER (NX) UALNLR (NX—1 )

C
IF (NX .61. NGC) GO TO 90
UPI$i (NX) = 1.0 — 11.0 — UPII1 (NX))* (DXPS —
$ (LJXPRIM — CIX*u.5)
UPH12 (NX) 1.0— (1.0—UPHI2 (NX) )* (UXPS—t)X*0,5)/(DXPRIM—0X~ 0,5)
r,O TO ioo

C
90 CONTINUE

UPHI (NX) 1.0 — (1.0 — UPHT(rJGC))* (r,xPS — UX*Q.5)/
$ (LsXPRIM + DX*0.5)
UPI-~I2(NX)= 1.0— (1 .0—UPHI2 (P;0C )*(DXPS—UX*(j.5)/(DXPRTt’~+DXa0.5)
UXLb (NX) UXLU (IJX—1 )
UDCIB (NX)ZUIjOE(NX-1) -

LIDIti (NX ) UUIE I (NA— 1 )
LIXLD2 (NX ) UXLB2 CNX-1 )
uoob2 (Nx )=1uoB2(r-Jx-1)
UDIb2 (I’JX )=UDI~~2(NX— 1 )

C
C IF A NEW GRiD HAS BEEN ADDE D, GRID NX — 1 [rOES NOT HAV E THE PRCPEk
C VAL UES EXCEPT FUR IJAMASS, UAr’DII , AND UA~~NCR (IN BN FsLYR AREA S
C AT GRID NX AHE SIT TO THOSE OF l~X — 1). IN THIS CASE NbC IS I~CW
C MX — 1.

FRACT = DX/ (DX + (JXPRIM)
URI1U6(NX - 1) = URHUG(NX — 2) + FRACT* (UPHOG (I-4X ) — URHOG(fJ X - 2 ) )
UUG (IiX — 1) UUG (NX - 2) + FRACT* (UUG (NX) - UUG(NX - 2 ) )
UHc- (NX - 1) U H G ( N X  — 2) + FRACT* (UHG (NX ) — UHG( NX -
UI*(NX — 1) uUP (NX — 2) + FRACT* (UUP (NX ) — UUP(NX — 2))
UPIII NX — 1) = UPI-II(NX)
UPF’12 (MX—1)~~UPhI2 (NX) -

C
C
100 CON1INUE

IF ((XP - XOb ) .6L. XLBAR ) PRIi .TRUE .
IF ( .NoT. PI-(I1)l(F TURN
I F ( . M O T .  IGEBUG (2,~)) RETURN

— X013 ) .E. XLBAR) WR1T [(b,3000) TIME
W R 1 T L ( 6 , 4 0 0 0 )  TiME
WR1TE(6,i000)
PRES = PG I NX)/14’+.

DISP (Xl’ - XOh)*12.
WRITE (b ,2 ~iQ 0) ACC ,VP,DISF-’,OMEGA ,FOPF.IM,PRES

1000 FOPrIAT (,//,20X,*IN1LRIOR BAI.LISTICS OUTPUT *,//,5X,*PR OJFCTILE*,
i. 1OX,*PROJLCTILE*,1OX ,*PRUJLCTILE*,1QX ,*HOTATIONAL*,IOX ,
2 *PRQJECTILE*,7X,*PRESSURE Al HASL*,/,4+X,*ACCELERATION*,1 OX ,
3 *VILOCITYs,1UX ,*DISPLACEIWFMTs,1OX ,*VLLULITY*,1LIX ,*ORAG *,12X ,
4 *OF PROJECTiLEs)

2000 FOKMAT (6120.10)
3000 FORMAT (1H1,* THL PROJECTiLE HAS GONE OUT OF THE RAPPEL AT TDE*,

$ L14.b)
4000 FORPtAl (1HO,* TIhE iS*,El4.8) 

-

5000 FORMAT (/,3X ,*IPRINT *,I10.10X,*FDPRIM = *,C14.5)
RI1URFs
END
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SUBROUTINE NEWIJ X
C
C SUBROUTINE NE~ LX IS CALLED ~‘HLN THE BARREL GETS A 21ST GRID.
C THE GRID SIZE DX IS DOUBLED, (HE BARREL IS CUT DOWN TO ~i GRIDS,C AND THE NUMEiIR OF CHAMBER GRIDS IS -fALVED .
C A NEW TIME INTERVAL IS ALSO CALCULATED.
C

CO ON/PARRL2/bORLA , XP, VP, BORED , BORER, bORED8, DI2BL) , O TO S O ,  XL IJA R
• COMMON/CARLAS/A RRUWX , ARHOt,~2 , A RR OW 3 , ARTOT

COMMO N/C HAN/ IX , IR ,X b,R B ,NGX ,NGR,Ib EGB,1Ef ~D B , 1 PA T H ( 6 0 ,5 ) , 4 R EA G ( E) ,
$ AR1ACH,ARLMC (~~13),IGiJIT,0NED,DIAM1,0IAFi2,D1S1,DIs2,fl~ S3,DISq,
$ AREAR (60),AHEAAX ,CHAMl ,CHI~Pi2,ChA~~3,TUPGAP ,AREAGP (60),DAVG,
$ ANEAH2,OII\Mh1 ,BELENO,HELBEU,JPS1,IPS2,I- AOPS,BPIGN

CO MI’OW/ CL0(~~/ [iI’L,LiELT
COP’MOfJ/ E ’.)N5~/ LT I)X ,T2 U R ,T2 UX ,T W O TIJ R ,0T DR , I1 I ’ B ,T W O G J , DVAX IS ,0V A X I1 ,

$ DX , DR ,NX ,bJ ,1L [ DT , HBP
COMIMON/GRAIN/ X L(613 ,5) ,  C O ( 6 Q , 5 ) ,  0 1(6 0 ,5 ) ’  FM,

1 XLTDT (bfl,5), UuT[,T(60,5), DITUT (60,5), XLO, 000, 010,
3XLP(10O),UXLl1 (11~iJ),XLB2(100),UXLB2 (1O0),DOE3 (10Q),UPOl3 (i00),
$D0B2(100),0D0h2 (i00),OIU (100),00IB(100),DIB2 (100),UOIH2(100),CICi2,
3 t!002,XLO2,XL2 (6o,5) ,002(60,5) .012(60,5) ,XL2TDTU.0,5),
4 002J0T (60,5), DI2FDI (60,5), FN2
COMrIQN/GRA 1N2/Hh’IEl, HMB2t ATPR2, CT2, RHGP2, PFXP2
CCI’ ilO N / OR I tiN X / OX P11 I M
COMfrION/I10LLA/R/~DHOL (85),NROWH,NHOLIS (85),XCL(85),A0FTTAH (brJ)
COMMON/INPUTS/C l , C2 , C3,C4 , TO , TIGN , ~CONS , RI-lOP ,PHIO , TF iC ‘~, RHOC ,
$ HU,P0,UO,GTFHOP,HW,DM,L)M2,TIGNBP,UBCC-N5,TOTM,DIFFPR

COM I ’ION/F’/IPRINT,hiO [jCH,MOD&k,PRI 1,1(jEBUG (35)
COMrlON/I3A G/Pi-1ib(~~6o.5), RIlOt~G (6(J,5), HLSG (bO ,5), UB~~ 60.5),

1 VB&uO,5), UPD(60,5), PCH (60,5), TZC(bli,5),
2 OOTMLG (60). (IBAG (60,5), XL,RAG (6O,5), DC,TMB (60.5), UPI3~)T(60,~~),
3 E’HIBTO (60,5), kt—IOI3TD(60,5), HBGTD(60,5), UBGTD(€O ,5),
‘4 VBGTO (6G,5),TI)b (60,5),D (ITMRG (60),00TMP (60,5),PHIRP(A0,5),
5 PHLPTU( 60,5), ILl (60), TLIP( 60,5) ,PHI2TD (60,5), IJPP2 (6 0 ,5 ) ,
6 IZK2(60) ,TZC2 (bfl,5) ,PHIBG2(60,5)

COMPiON/ bA f tk L/ P111( 100) ,  RI-IOG (100), HG (XOIJ), 00(100), UP (ltJQ ).
1 P6(100), 16(100). P11001(100), ~L (100), UORAG(100), FMICT (100),
2 QCONV (1ljO ), UUP(100), UF’ItI(lO (i), URHOG(100), 1)116(100), ULG (1CO) ,
3 AIIASS (100), AMOM (100), AENER (100), UAMASS (100), UArOM (100),
‘4UAENEH (100),PHIL(100),UPHI?(100)
LOG iCAL IGfJIT,ONIO,CHAM1 ,CIIAM2,CHAFI 3,BPIGN
LOGiCAL PRL1,IL)EBUG
DATA GRA V/.~2.lb/

C
- N X 1 1

C
C PUT THE BARREL ARRAY VALUES Al THE ODD-NUMBERED GRIDS iNTO OIIIC5
C 1 TI-4KOUGH 11.

J 1
00 10 1 2,11 -
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J J +2
UPH1U ) UPHI(J)

UPHI2(I) 0PHI2 (J)
UkHO6(1) = URHOG (J)
UUG (I 006(J)
1)110(1) UHG (J)
UUP (L) UUP(J)

UDRAG ( 1) UURA G (J )
UXLB (I) UXL13 (J)
000b( I ) 0008(JJ
UDIB (1)=U0fl3(J)
UXLB2 (I) UXLB2IJ)
000b2( 1)=U0082(J)
UD IB2(I) UC 1F32 (J)

UAMASSII) UAMASS (J)
UAMOM ( I)  = UA MOM (J )
UAENER( I)  = UALNER(J)

10 CONTINUE
C
C REDUCE THE NUMijER OF GRIU.S Iii THE CHAMbER
C P1)1 1HL TOTAL HOLE AREA INTO THE NEW GRIDS.

IF (NGX .CO. 1) 60 TO) 50
AREAH (1) = A H E A H( 1)  + AREA I-(2)
AREAH2 = AREAH2 + AREAH2
NGX = (NGX + 1)12

C *** FOR T I-il. lob ONL~
lENDS = NGX
IPATH (IENOL~,1J =
NGP1 = NGX + 1

C
C PUT THE. CHAMBER uRRAY VALUI~~ AT THE 00U 13U)IRLRE D GRIDS INTO THE
C NL~ CHAMBER GRIDS,

IF (NGX .ECi . 1) 60 TO 50
J 1
00 40 I2 , (iGX

J J+2
1F1 (J + 1) .L(. NGX) AREAH (1) ARLAH(J ) + AF WA H(J  + 1)
IF ((J + 1) .GT. NGX) ARIAH (I) = AKLAH (J)
00 30 K 1,NGR

Pfi1bTL~(I,F) PHIE3TO (J,K)
P11I2TD (I,h) = PIII2TD (J,K)
XL2TDT (I,Ic) = XL2TDT (J,K)
002 10T(I,R) DO2T OT (J ,K)
DI2TOT (I,pt~) = I i I2T DT(J ,K)

RHORTD (I,K) RHOBTO (J,K)
UBOTD(I,K) Ut36TD (J,pc )
VBGTO (I,K) = VBGTD (J,lc )
HE 3 G T D ( 1 , h )  HBGTDIJ,Ic )
UPBOT (I,I( ) = IJPBDT (J,K)
XLTDT (I,K) XLTDT (J,lO )
OOTOT (I,I () = OOTDT (J,K)
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I

OITDT(I,K) OITDT (J,K)-. PHIPTD (I,K) PHIPTDLJ,K)
TZC (I,P) = TZCIJ,PO )
T Z C 2 ( I , R )  = TZC2 LJ ,R)

30 CONTINUE
AREAR (I ) = AREAR(J)
Il- (CHAM3) AREAGP(I) = AREAGP(J)

AREAC( I) MRLAC(J)
TZRtI ) = TZR (J)
TZR2 (I) TLR2 (J)

‘#0 CONTINUE
C
C PUT THE VOLUME LUS1 IN TI-l ET BARREL INTO CHAMBEU RCW 2.

ARR 1~W2 = AhI-10W2 + O.5* OX * bOt ( LA
C
C CHAN GE DX, (JILT, AND CONSTA NTS DEPENDING (iN THEM.
50 CONTINUE

OXPIcII’I = UXPRIM + DX
OX = 2.0*DX
DELl = 2.O * LJE LT
TW OO T = 2.U*DLLT
OTOX = IiELT/OX
T2DX O.5*L,TL)X

C
C

CONS - O.5*[~ELT*DELT
DICSo DFLT*IIURID*bORED
DT2t~D = —o .~~*L,L LT/bOREU •1
GTR HOP f.RAV*L)LLT/KHOP

C
C
C CALCULATE THE CHAMBER VOLUME . IF IT HAS CHANGED ADJLST 1111 A REAS .

IF (ONIU) 61) 10 15(~
ARR1 (FLO~ T(NGX ) 

- 0,5)*I)X*AREAAX
C

ARH2 AREAR (1)*UX*0,5
IF (NGX .10. 1) bU TO 80
00 70 I = 2 -,NOX
ARP2 = ARR2 + ARLMR (I)*LiX

70 CONTINUE
C
80 CONTINUE

IF (CHAM2) 60 lu iou
C

ARR 3 ANEAGP (1)*DX*O.5
IF (NGX ,EC. 1) GO TO 100
DO 90 I = 2,NGX
ARR 3 ARR3 + i~REA bP (I)*DX

90 CONTINUE
C
100 CONTINUE
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C
ADJUST AREM AX AND AI~H A Y  A K IA C
ADJUST ADR 0W1/,~RR1
ARE AAX = AKLAAXSAU JUST
DO 105 I i,NGX
ARE AC(I) ARIPL(I)*AL)JUST

10 5 CON1INUE.
C
C ADJUST AR RAY AR EA R

ADJ UST = ARROW2/AHR2
DO .Uli I 1,N(;x
AR EAR (I) ARLAR (I)*AD JUST

110 CON11NUL
IF (L11AM2) liD To 700

C
C ADJUST ARI ..AY AK LA GP

ADJUST / l ~OW~ /AkR~ 
- 

-

01) 120 I =
ARETAE .P (I) Al-~LAbP(I)*AL)UUST

120 COtTINUL
GO TO 200

C
C
C LOGIC WhEr,~ ONELi Is TRUE
150 CONTINUE

ART ARE AC (1)*UX*O.5
IF (NGX .Lu. 1) 60 TO 170
06 160 1 2 ,Ij bX
ART = ART + AREMC (I)*DX

160 CONTINUE
C
170 CONTINUE

ADJUST = ARTUT/AR1
DO 1130 I 1,NGX
AREAC( I) ARLAC(I)*ADJUSI

180 CONTINUE
C
C
200 CONTINUE

C FIX AREAS AND VOL UMES
OVAX IS = AREAAX *DX

C
IF(ONLD) A RLACUJG P1) BOR EA
AREAR(NGP1) I3OHEA

AREAC( 1~i6P1) = -1O .E+15
IF (IDEBUG (12)) WHITE (6,2000) IP1 IIJT,NGX
NAMLLIST/NLWCHIc/LiX,UELT,IWOUT ,UTOX,DTL)R,120R,T2DX,TWOTOFI ,
$ DXPRIM ,AREAAX ,
$ CONS,UTDSW,D1250,GTRHOP ,DVAXIS,DVAXIT,AREACH
IF (IDLBUG (1~~)) WRITE (6.NEWCHK)

L - ________________— 
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I

IF(.NOT. IL,LBUG (l4)) RETURN
WRITE (6,2U0~~)
WRh1E (6,2uU~5) (A 1eLAGP (I),I:1,NGPl)
WRITE (6,2002)
WRIT[ (b,2003) (AREAR(I) ,I=1,NGP1)
WRITE (6,2004)
WRITE (6,2003) (AHLAC (I) ,1 1,NGP1)
WRITE(6,2005) (AR [AG (I) ,I=1,NGR)

2000 FOPMAT( ’l NIWUX CALLED, IPRIl~T :‘,Ib /,. NGX ‘,I!~)
2002 FQRMAT (///,’ ARR ifl A REA H’ ,/,)
2003 FORHAT (9X,1UFI1.7,/)
200L4 FORrlA1 (///~~’ A ftt’c /tY AREAC’ ,//)
2005 FORMAT (///,’ A RRAY AREAG ’ ,//,21JX,SF11,7)
2006 FORNAT (///.’ ARRAY AREAGP ’,//)

RE. I OR N
END
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SUBROUTINE ul’ LL j I’i
C

COMMO N/ I3A RRL2/bu RLA , X P , V P , uUi-~E.U , BORER ,&~OREDt3 , DI2BU ,flT DsI , XLBA~
COP hON/CHAN /IX,1R,Ab ,R3,NGX,I’lG.’,1bLGb,IENUB,IPA1H (60,5),AI (EAG (~~),
$ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
$ AREI%R (60),ARF. I-~AX,CHAMl ,CFI 2,CHAM3,TUP6APiAREAGPu ,0),0AVC~,
1~ AREAl i2,U1I~l~cBT,FsLLLND,bELhEG ,IPS1,IPS~~,kAL)PS,BP10N

CO I” MON/ EQ NS/ DILA,  12JR ,T2L IX ,  1~,OT L Ft ,0TUk,IlI’lb,1W ( J G J , D V A X I S , D V A X I T ,
$ UX,UR,NX,GJ.1,.JOUT,HBP

COMMCN/C ,A SLLI ./ 1’ U , RI-to ,CVO ,CVIi
C rMMON/U1~A il~/ X L (b O , 5) ,  DC(bO,5 ), DI(60,5)’ F-N ,
1 XLTflT (1.(;,~~

), ioI [J1 (60i5), r,1TI)T(60,5), XLO ’ DOD, tim ,
3XL B( 100) , 1J~ L.13( 1u 0 ) .X L b 2 ( 1 0 f l ) , UX L B2 ( l O 0 ) , L U h ( 10 O ) , 1 J D O B ( 1 U O) ,
$00 ( 100 )  .0001 ~~~~O U )  ,01t3 ( 100)  ,UlJIh( 100) , LiIf- )2 ( 1CO ) ,IJDIR2 (100) ,C102,
3 0C02,XLO2,XL2(b(l,b) ,002(60,5) ,L12(60,5) ,icL2Ti)T (bO,h),
4 VO2TUiT (60,5), OILTDT(60,5), Fl~2
COMMOI’J/OHAAN2 /HrlB1, HMb2, AT ru2 ,  Cr2, KHOP2, PF.XP2
CO MMON/ IN PUIS/C 1,C2 ,C3 ,C” - ,T O ,TI G N,DC ON S,R HO P ,Pll IO ,T F ,CA , Pl-l(JO,
$ HU,PO,UO,6lRI1UP,lL ~,DM,L 2,1IGNBP,0bCUNS,1UTN,D1FFF’R

CU ON/PkII V/UPLiLI\j S,BPRA D(6(J ,5)  ,AGENFiE,b(4 1N13P ,EXPBP
corI’ Q N/ BAG/ PH IBD( bo ,s ) ,  Rt s U b G ( 6 0 , 5 ) ,  1 1 8 6(6 0 ,5 ) ,  U B 6( e O , 5 ) ,

1 v t i G ( 6 0 ,~~
), U F H (6 0 ,5 ) ,  P0.11(60 , 5) ,  T Z C ( 6 O ,~~),2 UU1MI6(~ - u ) ,  (a U A U ( 6 0 , 5 ) ,  X D RA G ( 6 0 , 5 ) ,  UOll’lB(60 , 5) ,  UPBf lT (60 , ! - ) ,

3 fr}$TbTD(611,5), RhOBTD (60,5), Hf-t&1U (60,5), UBGTfl(~~O,5),
4 VPGT1)(60,5),TB6 (60,5),D0TPiBG (6O),0OTMF- (6O,5),PllIBP (~~u,5),
5 PPIIPTD (60,tj ) ,lZ1- ((t~0) ,TBP (60,5) ,PHi2TD (60,5), UPR2( 60,t~),6 TZR2 (6O) ,1ZC2(6(J,5) ,PHIBG2 (60,5J
LO(J1CAL IGNIT,OIIEO,CHAI’l1,CHAM2,CHAM3,BPICN

C
C THIS SUBR OUTINE Pu TS THE CORRECT CHAMBER AREAS INTO ARRAY A REAC ,
C PUTS VOLUME- W EIGHTED AVE RAGES OF THE GAS ARRAYS INTD THE ARRAY
C ELEMENTS AT GRID l-~ CLEARS THE GAS ARRAYS AT THE OTHER GRIDS,
C AND SETS NGR TO 1,
C

DATA P1VF/.785~ 9~ /
C
C
C
C**s* s ** *s * * ** * *t * * * * **4 * ** * ** * ** ** * * * ** * * * *** * * * * *s * ** * ** *s * * *s s* ** * * * *
C FILL A RRAY AR EAC
C***********************************************************************
C

IF (CHAM 3) GO TO 30
DO 20 I l,IEI~OA

AREAC(I) ARIA K (I) + MREAAX
20 CONTINUE

GO 10 50
C
30 CONTINUE

00 ‘40 1 1,NGX -

AREAC (I) = AREAR (I) + A REAA X + ARIAGP (1)
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~40 (~.0t lINDE
C

50 AREAC(NGX +1) BOKE.A
C
C
C*****************************t**********************-*******************
C FILL EACH CHAMB ER AR RAY Al (1,1) WITH THE VOLUME—WEIGHTE D AVE RAG E
C OF TI-il ARRAY VALUES AT I,
C*********************************************************** ******** ****
C
C
C CALCULATi ONS FOR CHAM2 TRUE
400 CONTINUE.

DO 450 1 1,NGX
IF (I .GT. IENDI3 ) GO TO ‘141

TZC (I,1) lION + 1.0
PTEMP1 = (PHIBD (I,1) + PI-IIi3P(I,j) — i,O )*AREAAX
PTEP P2 = (PHIB&(I,2) + l’HIBP (I,2) — 1,0)*AREAP(I)
BPRAD (I,l) = BPRAD (I,i)-s (1.O — PHIBP (I,l))*AREAAX +

$ BPRAO (1,2)*(1.0 - PHIBP (I,2))*ARLAR (I)
PHIEP(i,1) = (PHIBP(I ,l)*AREAAX + PHIBP (I,2)*APETAR(I))/

$ ARE.AC( I)
TEMP = (1.0 — PHIBP (I ,1))*AREAC (I)
IF (TEMI— •LT . 0.0001) 00 TO ‘410
BPRAD (1,1) E3PRAL )(I,1)/TEMP
GO TO 420

C
410 CONTINUE

BPRAD (1,l) = 0.0
C

‘120 CONTINUE
TEMP1 (1.0 — PHLL3O (I,1))sAREAAX
TEMP2 (1.0 — PHIBG (I,2))*AREAR (I)
PI-IIBG (1,1) (PHIBG(I ,i)*ARIAAX + PHIBG (I,2)*AREAR (fl)/

$ AREAC(I)
TLMP3 (1.0 — PHIUG (I,1))*AREAC (I)
IF (TEMF 3 .LT. 0.0001) 60 TO ‘130
UPB (I,1) = (UPD(I,1)*IEI’P1 + UPB(I,2)*TEMP2)/TEl1P3
XL (I,1) (XL(i,1)*TEMP1 + XL (I,2)*TLMP2)/TEMP3
00(1,1) = (OO (I,1)*TEMP1 + OO (I,2)*TEMP2)/TEMP3
DI(I,i) (DI(I,1)*TEMP1 + DI(I,2)*TLMP2)/TlI’P3
GO TO ‘#40

430 - UPB (I,1) 0.0
XL (I.l) = 0.0
00(1,1) = 0.0
01(1.1) 0,0

C
‘140 CONTINUE

PTEMP3 (PHIbG (I,1) + PHII3P (I,l) — 1.O)*AREAC (I)
C -
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Css.sPT EFIP3 SHOULD NEVER BE 0.0
RHOSAV = (RhObG( I , 1)* PT Et’~P1 e RHObG( I ,2) * PTiMP2)/ PT lF~P3
HBG(I, i)  = (HUG (I,l)*PTUMP14RHOI3G(1,1) +

$ hBb (I,~~)sPTEMP 2*RHOBG (I,2))/(P1EMP3*RHOSAV)
0131,11,1) (UBG( I,l)*PTEI P1*RHOBG(1,l) +

$ Ut~b ( I , 2) s ETE MP2* RHUI3C( I ,2 )  )/ ( PTEMP3 * RHOSAV )
RHO13G (1,1) RI-iOSAV

C
C CALL GSPROP TO LJF’OAIL PCII

‘#41 CON1JNUL
CALL 6SPROP (K0,KKO,R,CVO,CVI-i,CV,PCH (I,1) ,HBG (I,1I ,TLDUM,

$ RHCiBG(1,1),UBG(1,l),u.0,GAI’ ,CP,2 )

‘#50 CuI T INUE
C

C CLEAR ARRAY VEI G AND OIlIER CHAM BER ARRAYS AT GRit-S NOT 0! THE AXIS
C*******************4****************************************4******4***
C
600 CONTINUE

CALL CLEAR (VE G (1,1),VBG(60,5))
CALL CLEAH (Rll ObG (1,2),RHOEt6 (bO,5))
CALL CLLAR (PH1U 6(j,2),PHIF3O(6O,5))
CALL CLEAH (HBG (l,2),HSi,(60,5)) - -

CALL CLIAR (UBGII,2),UBG (60,5))
CAL L CLLAR (UPB (1,2),UPB(61J,5))
CALL CLLAR (PCH (1,2) ,PCH (60,5))
CALL CLEAR (TR 6(1,�) ,TBG (6(1,S))
CALL CLLA b (XL (1,~~) ,XL(60,5))
CALL CLLMK (DO (1,2),00(60,5))
CALL CLEAI- ((DI (1.2) ,lJI(60,5))
CALL CLEAR (PH1HP(l,2) ,PHIBP(60,b))
CAL-L LLEA R(UPI- (MO(1,2),BPRAD(60,b ))

C
C
C

MOP 1
C

RETURN
C

END
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SUL--i~GLl1 I!’J L t~~ 1NLR
Ct.,P I’:C- l’-/CALLI-~/ 1 RLE I- I
C( -N(~N/ Fi’( u~Ii- L0/0O1~ -Fii , UPRM
CU OL/ CLOLt ~/ 1 li-L,LiELT
C~~~MON/GSTATE/AU,Ai,A2,A 3,ACiSI-’,AlSP,A�SP,A3~iP,
$ A0 ,A1MP,A2NP,A3MP,AOBP,A1 ,A21~P,A~~~I - , SP,WMF’II- ,WM~ P,
$ tA~~Ih,CUMSP,1.ur~NP,CUM bP,6phsP,GAhMP,GANBP,WMOLE

cOMMON/CHAM/ Ix, 1K, XB ,RE3 ~~~~~~~~~~ II F~, IETNL)b, IPATH ( 60’S) , AR L AG If i
$ AUlACH,At~EAC (tO ),I&N1T,C [),DIAMi,UL i2,JIS1,DI~~2,1~IS3,t)ISq,
$ A KEAR (60) , A K E A ,A ,C HA Mj , C h A i ~? ,C HA P’3, IOPUI~P,AHEAGP(6 0) .OAV 6,
$ A KEAH 2 ,O I4~ l~T ,r~LLEND,13ELt E6,IPS1.IPS2,ti i~UI’S,F3PIGN
COMMOIi/EONS/C1 1JX,T2Uk,T2OX , U~oTLjk,DTUR,l- N~~,TWOGJ,DVAX IS,DVAXIl ,
$ DX,L,R,NX,GJ,1,OL,T,HBP
COMPIOtJ /iNu~UTS/C 1,C2,C3 .C’#,TU,TLGN,0CONb,RHOP,PhI 0,TF,CA ,RH00,
$ H0, PO,U0 ,GT 1( HO P,HW, DM,O Pi~~,T I,~ BF,0bCOtS,T0 T M,O IFFP R

COMh O N/ FRJ MV/ L UENS,BPRAD ( €-~j ,t~) ,AG [NBP, BCENBP,FX PL3P
COMP ON/BA (,/ PHI13G( 1,O ,5),  RHOI ’G (60 ,5 ) ,  HbG160 ,5 ) ,  UUG(6Q ,5 ),
1 VbG (60,5), UPI3I6O,5), PCH (6cj,5), TZCi6O,5),
2 DOTNIG(bO ), UBAG (60,5), XURAG (60,5), [)CT~iB(60,5), LiPBflT(6O,~~),
3 PHIE4TD (60,5), RHOBTD (60,5)i , HBGTL)(60,b), UBG1D (Efl,~~),
4 ~b6TD (6O,5),TBC (60,5),DQT 3G (6U),DOTMP (60,5),PHIBP U~O,5),
5 PHIPTD(60’b) ,TLR (bO) ,T8P (60-,5) ,rt-i1210 (b0,5), OPA2(60,5),
6 1Zk2(6O) ,1ZC2(1~-lj,5) ,PhIBG2(~~Q,5)
LOGICAL IGNITI (JNLD,CHAM1,CIiAM2,CHAP’3,h)’ICI9
LO 61~ AL OPLIFT -

DAT A FOKTPI/4,18i~790/
C
C
C
C CALCULATE PK1~ LK VEL OCITY ANt) MASS FLOW RATE
C

• 35
UPRP 1S8.1*SOKT ( (GAMBP—T .0)9HBP )
IF (TIME.LI. 0.OOull.) UOIf’IPM:4090,0*11ML
1F (TIME.GE .0.000’+) ooTMpM=2 .66sExp (—12ou.o4ri~Ik:)

C
C
C
C E3F’LEFT wILL 13ECOMU TRUE iF THERE IS SOME ELACI ( POWDER LEFT AI’0
C THEft PRIMER WILL tIE CALLED AGAIN.

FPLLF1 = .FALSL.
C

00 60 J = 1,NGl’.
DO 60 I = 1 , F GA

IF (P1 1HP (I,J) .Cl.. 0.99c,) GO 10 bS
1F (TBP (I,J) •L1. TIGNh~~) GO 16 b~
IF (BPRNU (I,J) •LT. 0.0001) (-1) TO 35
BPLLFT .TRUE.

IF (PCI-i (I,U) •LT. (,.0) WRIT [(6,7000) F CI-i(I,J),I,J

135



r 

p

7000 FOR r~A i( 1H ,*PCR * iF1u.0~~~i2)
R A GEN13P* I -C H( I ,J )* * L~. F L P  + bGEl ~L F
BURNL = R*ULLT
VOLU = F O I c T P I s B P RA D ( I , J ) - 4 * 3
f f l — R A D ( 1 , J )  BF’ RAD( l ,J)  - i3LR1~L

IE (bF F t\IJ(I,.J).(’T.O.U ) GO IC’ ‘-1 0
W R I T E( t , 2 0 0 1 i ) 1,J ,BF’F(AU ( I,J)

35 6 P KA O ( I ,J ,
PhIRP( 1,J)  = 3 . 0
GO T O ~t

C
‘40 CUNTINLI

FU K1F-1*HPRAD(I,J )**3
DE-L1A ~ ~IULD - SINEW

= ( 1.0 — RHIL3P (1,u) )/VCJLC
TE MP
UO1I’iP(l,.j ) 1Li1F~*bPDEi-S

PEL X=DX
J 1-U.1O.1) tJELX UE.LX/2.U
CUPW I- CUMRI +TIMR*lPLJENS*DLL X * A R LA A X

F I-i II-TD (I,J) = PHIbP (I ,j )  + l IMP
oo To EU

C
55 PHIPT D( 1,J)  = I-’H1HP(1,J)
60 COtil IRUL

C
RET URN

C
2000 FOPMç-T(//’ ~‘;.;iUS (iF BLACK I’OWUER AT Lu LL ’ , 13’13’’ I~~’,F11i.’1)

FNII
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SUBROUTINE PROPEL
C* THIS SUBROUTINE PRODUCES ThE ACTUAL MOSILMINT OF PllOPELLAF~T
C

COMMQN/PRIPIV/U1’DENS,BPRAO(60,5) ,AGENBP,B (~LNdP,EXPBP
COP1MON/GRILJNX/DXPRIM

- COMMON/I3ARRL/ PHI (100), RHOGUOD), H61100 , UG (lflO), LJPI100),
1 P6(100), IG(100), PMDOT (1Uu), QL (lno), UDRAG (100), FRICT (100),
2 OCONV (100), UUP(100), UPHI (100), URHOG(100), UHG (jlJO), UUG(100),
3 PMASS (100), AMOM (100), AEWER (100), UAMASS (100), tlArOr1(100),
4UAE.NER ( 100) ,P1112 (100) ,UPHI2 (100)

CO MMON/BA RRL2/DUREA , XP, VP ,00KF 0, BORER ,130RI.08 ,DT2BL) , DTOSO ~ XLBAR
COMMON/CHAM/IA ,1H,X I-j,Nb,NGX,NGR,IBEGU,ILNbB,IPATH(60,5),AREAG (~~),
$ MREACH ,ARF-AC (60),IGNIT,UNEU,DIAM1,DIAM2,&JIS1,PIS2,fl1S3,D1S4,
$ A K EA R ( 6 0 ) ,A R E A A X , C H A M 1,Cf A M2 ,CHAM3 ,T IJPGA P,A REA (~P( 6 Q ) , U ’ %V G ,
$ AK [A H2,DIA MH1,(3LL LI\~D,BEL.BLG,j I- ’Si,IPS2,RA DI’S,BPj 6PJ

CU P’~I’1ON/CLOCR/ 1 iri~ ,LrELT
COPMON/EQNS/CTD’~,T 2UR,T2DX,TWOTUR,tlTDR,HI’b ,TWOGJ,DVAXIS,DVAXI1,
$ IJA,L,H,NX.&J ,IWODT ,HBP 

-
COMH OI /GRAL’j/ XL(60,5)’ 60(60,5), 01(60,5)’ FNi
I XLIDT (60,b), LiOTDT (60.,5), DITOT (6fl,5), XLO ’ 000, t~~fl ,
3XLB (lOO),UXLB (100),XLB2(100),UXLB2(100),00B (100),UtHJB (100),
$DOB~~( 1IJO) ,U0002( 100) ,0 IU( 100) ,UUIB( 100) ,01b2( 100) ,001R2( 100) .C 102,
3 0002,XLO2,XL2(60,5),002 (bO,5) .012(60,5) ,XL2TDT (60,5),
4 L,U2TUI(60,5), U12TDT (60,S), Ft-2

COPhON/G RA1i~2/HMl31, HMB2, !STP B2 , CT2 , RHOP2, PEXP2
COMt IC)N/INpUTS/L1,C2,C3,C’-ê,1O,T1L,N,QCONS,R)lOP,P1IIO,TF,C,-~,RHOO,
$ F:0,Po,tjo,OTRHOP,HW,IJM,0M2,TIGNBP,ORCONS,TOTM,rIIFFpR
COMPION/NEWFHI/PHIO2, IENL)C2
COP- MON/SPL INT/WHOLEC , WHOLIb
COP’MON/1-Ar,/PHIbG6O,5), HH6t3Lu (6 0 ,5 ) ,  HHGIBO’5), UE ((6O.t~),
1 VE~G ( 1 O ,5 ) .  UPB(6 (J ,b) ,  PCH (6U,5), TZC (L0,5),
2 tJOTM1G (60), U13AG(60,5), XOIIAG (60,S), UOTF’IB(6O,5), I’PBOTI6O,E),
3 P1-111310 (60,5), RHOBTO (60,5), 1-113010(60,5), UBGTO (60,5),
4 VB GTLj (60,5).1bb (60,5),L)OTM~3G(60),UOi r,F (6O,5),PHIBP(61J,5),
5 PFfIPID(60,~~) ,TZR (60) .TUP(60,5) ,PHI2TO (60,5), UPI12(60,5),
6 TZR2(b0) ,1Zt2 (bu,5) ,PhJ14 G2 (60 ,5 )
LOGiCAL IGNIT,ONEU,CHAM1,CHAM2,CHAR3,HPZUN
LO6ICAL W HOL LC,WHC LEB

C -

C ARRAY UPF3DT IS CLEARED IN M A I N  Al E A C H  l I M E  IN TER V A L
C UPDATED VALUES OF POROSiTY (FROM PEGHES) WERE PUT IFT O A R RAY P1-186
C 1f4 F~~1’VEL. UPDATE D VALULS OF UPB (FROM Pk~ V EL) WER E PUT INTO
C ARRAY UPE3 IN PHPV EL. UPDATED GRAIN DIMENSIONS (FROM HEGRE S) WERE
C PUT iNTO ARRAYS XL~ DO, UI IN HEGRES.
Cs
C
C
C *** THERE WILL NOT 131 ANY PROPELLANT iN THE. GRIDS OCCUPIED BY THE BELL
C *** IGNITER TUBE , THEREFORE 00 NUT DO PROPILLANI MOTION CALCULA TIC ItS
C s** FOP THOSE GRIDS.

DO 10 J 1,2
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C
DO 10 I = 1,NGX
PHIBG(I,J) PH L B T D( I , J)
PHIL3G2 (I,~J) PI1I2T0 (I,~.i)X L2 ( I , .J ) = XL2Tu)T(i,J)
t102 (I,J) = D Q2 T UT ( I ,J )
IF(J.LQ.1) U02 (I,J):BPRAD ( I ,~~

)
IF(~J.LGa ,1)PHIE3G2 (I,J) PHIPlD(I,~J )
PHIbP(I ,J)=PIIIPrD(I,J)
012 (I,J) = 0 7 2 1 0 1( 1,) )
XL( I ,~J) XLTD T ( j , J )
00 ( 1,) )  = L’ UTUT ( I , J )
DI(i,~J) LJ ITL IT ( I , i)

C
C *** LOALi ALL PROPELLA NT POROSITY INTO PHIl~G ( I , J )

PHIL3G( I,J) PHIHGII,J) + PHIBt,~~(I,J) - 1.0
10 CONI INUE.

C
J 2
XL (NGX+1,U) XLLI (2) -

DO ( i~iGX+1,J) DOt I (2 )
(ii (NciX+1,J) 01b(2)
XL2 ( NI3X+ 1,~i) X L b 2 ( �)
D02 (t\JGX+1,U) 0U13212)
012(NGA+1,J) C1132(2)
‘Hl13G(NG 1(+i,J) f>Hi (2)+PHI2(2)-1.0

UPBUT ( NGX+ 1,J ) 0 P(2 )
PHIl~i62(N(iX+i,J) Phi2 (2)

‘J=1
PH1LiG(NGX +1 ,J ) HItIG(NGX -1 t J )
PHIUG2 (NGX+1,J)=PHIBG2(NGX-i ,J)
fl02(NGX+1.J) 002 (NGX—t,J)
UPBuT (NGX+ 3. ,J ) —UPUUT (NGX-1 ,J)

C
IF (UF~bDT (1,2) •Lt... 0.0) UPUU$(1,2) = u.u

C SAVE LX
DX TI MR 0

C
DO 80 1=1,2
00 80 I = 1,NGX

C ADJUST DX Wi - lEfi 1=N0X , fIX j.
IF(I.E0.NGX.AfiO.NX .EQ .1) OX=t-XPIcIM— (OX/2 .0)
INCI-(E 1

C TEST VELOCITY iii I fl-i GRID TO 1)ETERMINE. INTO WHICH ftII,..AC~.NT
C GRID 1 HE. PROPELLANT WANTS TO FLOW .

IF(UP13DT (I,%J).LT.1).U)IIJCRE —1
1F(UPbOT (i,-J).El~1,0.U)XftaCRE
ITWO I + 2 * INCRL
lONE. = I + 1NCI-cI

C
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I
UPI UPRDT (I,J)
IF(J.NE.1) GO TO 15
AREA X AR I A A X
ARONE AR EAA X
ARTi.O AREAA X
ARE AP1=AHEAAX
AKE AM1 AREA AX
60 10 18

15 CONTINUE
AREAR (NGX+1 ) 13OKEA
AKEAK (NGX+2):BOKEA

C
IFU •E0. fl 60 TO 16

C
AREAX ARLAR (I )
AR ONE ARLAR (lONE )
ARTWO = AR LAR (ITWU)
ARIAP ]. ARE.AR (1+1)
AHEAM1 = AI (EAR (1-1)
GO TO 18

C
16 ANEAX A RLAR (I)

AKCHi1 AREAR I lONE)
ARIWO = A REA R (ITWO )
AKE MP1 = A HEA K 11+1)

- C
C

18 CONTiNUE
C CALCULATE PARAMLTL )~S FOR I IIL Ill-I GHIL~ MASS BALA NCE.

DMPLP1 0.0
OMP1 = ( 1.0 — PI-4IbG (I,~J))*ULLT*Al-(LAX*AB5 I UPI3DT (T,~.i))
DMPIM 1 0.0 —

XLU = XL (I+1,J)
XLL1~ = XL21I+1~ J)
XLL2 XL2 (i-1 .J)
0002 = 002(I+1,J)
DOL2 D02(1-1,U)
DILJ2 0I211+1.J)
0112 = 1J12 (I-1,J)
XLL XL (1-1,J )
000 DUU+1,J)
DOL 0O (I-1,J)
DID L)III+I,J )
011 DI (I—1,~~)
UPU UPB (l+1,~J)
UPL UPB ]-1,~J)
TZCU TZC I I+1,J)
TZCL T2C Il-i .U)

C DETERMINE IF THE 1111 IIRID LIES ON A BOUNDARY FOR
C SPECIAL TREATMENT.
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IF(I ,LQ.t) GO lu ‘40
IF(UPL3DT (l+1.u. .Lf. 0.0) l’r-n’IPI (1.L) — PHIt3C(l+1,~J ) ,

1 *UELT*AKEAP 1*ABS(UPBDT (I+1,J))
IF(UPBOT(I—1,J) .61. 0.0 UIIPI(l1 (1.0 — PHIBC, (I—1, J))
1 *UILT*AKE.APA*ABS (UPI3OI (1-1,J))
GO TO 50

‘-4 0 IF(I .10. 1 .ANU. UPbOT(2,~J) .LT. 0.0) Ui P1Pi 2.0*
1 (1.0 — PFi1136 (2,JHSDELT*Al-’LAP1*ABS (UF’tjL’T (2,J))
OP-WI 2,0 * uPI-~I

C MASS BALANCE ON flu XIII GRID TO DLILI~MINE. NEW VALUE
C Of POROSITY

50 P1-ill 1- 1-slUG (I,.)) + (DPWI — DMF Il’l — Lirl--IM1)/ (ARUAX *~)A)
C
C *s* DETEF’rIIME Liw1~i, ijrI IPr1,OMPIf9M,1’1-IIi AND L)p PiS,DMPIP5,D,1pIMS,p,~jIS,
C WHi CH HAVE ~EANINCS SIP1LAP 10 DliI’I,UP-Pil-l,UMPINIl,f-IIII ONLY DEA L
C WITH P-iP OR SP PROPELLANT ONLY .
C
C EXTRACT POR OSI TY Of MR PROPELLANT FROM PHIBO .

PHIIJ PhIj~G( l , j )  - t ’H lbLug( I .J)  + 1.0
C

VOL 1 ARE- AX *UX
C
C
C DETERMINE THE. MASSES OF MP AND SR PHOPLLLAt’-l FLOWING FROM GRIC I.
C LET THE P0I~)SITY UI- PROPELLANT MOViNG OUT OF IHE GIUD 151 PHIOLT .

PIIIOUT 1.0 — u~iRI/VOL I
IF (UPBOT(I.J) .LL. 0.0) Go TO 54

C
C SINCE PROPLLLA~ T 15 P-iOV1I’Jt~ TO THE RIGHT , MP PH0PELLAI~T MOVESC BEFORE SP.

IF (PH1CL’T .LT. PH11J) GO TO 52
C
C UNIT P-P MOVE D.

UMPIS 0.0
OfIF1I’: OIIP1
60 70 58

C
C ALL NP AND SOME SR MOVED .

52 OP-PiP-I = (1.0 - PHII~J)*V OLI
DMELS OMPI - IJMPIM
GO TC 58

C
C SINCE PROPELLANT 15 MOVING IL’ Il-IC LEFT ,  SP PROPELLANT MOVES
C BEFORE PP .
54 CONIINUE

IF PHIOUT •LT . PHLBL,2 (I,J)) GO TO 56 —

C
C ONLY SP MOVt~D.

OMPIM = 0.0
IJMPIS = DM 1- I
60 10 58
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C ALL SP AND SOIIE. NP MOVED.
56 OMPIS (1.0 - PHIUC2 (I,J))*VOLI

UNPIN OMPI - IJMP1S-. C
C
C DETLRHII\E THE MJ~SSES OF 

M1i A I’t U SP PKOPLLLM’~T FLOWING FI OM G~~IC
C I + I INTO OHIo I.
C DMPIP1 IS URE ATL,( THAN 0.0 ONLY IF UPBDT(i+1,J) IS LESS THAN 0.0,
C I, 1~ ONLY IF SR MOVES FIRST . 4
58 CONTINUE

IF([)NPIP1 •I)l~ o . U)  GO FO bO
UMPIPM = 0.0
L1MPiPS 0.0

- - GO 10 64
C
60 PHIUL,1 = 1.0 — L)MPIP1/ (ARLAP1*D))

IFIPHIOUT .LT , PI1I 13G2 (1+1,J)) GO TC 62
tiNt- £ PP-i = U • (1
DMP1PS DMPIP1
G0 10 64 H

c H
E2 OMPIPS = (1.0 — PhIL~G2 (I+1,J))* (AREAp1*Dx)

DMPIPPI = OMPIP1 - UMPIPS
C
C
C UE.TLRPiINE THE P-ASSES OF Np AND SP PROPELLANT FLOWING FROM GRIC
C I — 1 INTO GRID I.
C flP-1PlP1i IS GREATER THAN 0.0 ONLY IF UPEDT(I—1,~J) IS GNEATER Tl.1fl F~
C 0.0, 1. E. ONLY IF NP MOVES FIRST.
64 CONTINUE

IF(UMF’IMl .6T. 0,0) GO TO 66
ONPIMM = 0.0
DMPLMS U.i)
60 10 69 -

C
66 PI-11()UT 1.u - UFIP1M1/ (A REA MX* DX)

IF (RH1OUT .LT. (PHI HG (I-1 ,J) - PHIUG2(I—1,~J ) + 1.0)) GO TO 68
OPIPIMS 0.0
OPIPIP-PI = OPIPIM1 -

60 10 69 - - -

C 
I

—

68 DMPIMM (1.0 — (PHIBG(I—j ,1J ) — PHIE3G2 (I—1,J) + j.fl))s(l~REAMjsCX)
OPP1M~ = OPWIN1 - UMPIMM

C
69 CONTINUE.

Ph1IP PHII.J + (OP-IPIM - OMPIPM - IDMPIt’IM)/VQ LI
P1-IllS = PHIB (32 (i,U) + (OIIPIS - DMPIPS - OMRIMS )/VOLI

C
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IFU .NE . 1) 00 TO 75
XLL = XLU
001 = UOU
(IlL . = OIU
U P L= 0 . 0
TZCL=Tè~CU

C
75 If (Phil .01. u.99999) 60 10 78

UPBLiT( I ,J )  ( uPbUT (I,J)*(1.0 — H-iIBG (l,J))*AREAX*I)X
1 + LiF~LJ*uNPIP1 + UPL *1flp IP-1 — UPbiIT(I,J)*DMPI )/
2 ((1,0 — PHiI)*ARLAX~ tJX ) -

IF (TZC (I,J) .LT. 0.001) TZC (1,.fl = TZCL
IF( ILC (I,J).L 1,FjGl~) TZC (1.J) (TZC (i,J)* (1,O—PHIBG(I,J))

*A R E A X * D X  + TZCU * LMPLP1 -4 TZCL*I~ ’P I P 1
* —TLC (1,J)*UMPI )/ ((I .O—Pf (II)*ARFAX*CX)

C
Il- (RHLIS .61. 11,99999) GO Ic) 76
DEMUr-’ (1.0 — l-1-’IIS )*VOLI
XL2 1DT(I,J) ( ,~L (I,J)*(1.u — PHIBG 2II,J))*VOLI + XLu2*DPPIF~ +
$ XLL2*OMPI-~S 

— XL2 (I,U)*OP-IF IS )/UE fiOl- —

OU2TOT(l,J) ( D02(I,J)*(1,o — PHI1362 (I,J))*VC1.I + COtJ2 DP’PIFS +
i PUL2*UF1PIf~S - L)O2( l ,~.J)*UMP1S )/OFNOI1
OI2TDT (1,J) ( DI2(I,.J)*(1.O — PH1BG~~(I,~J))*VOLI + 01tJ2 * DP- PIFS +
$ CLL2*L-PIPIMS — I)12 (I,J)*DNPIS )/ULI’JOM

C
7. CONTINUE

IF (l~HIIN .61. 0.99999) 60 Iii 78
ITINOM (1.0 — PHIIM)*VOLI
XLTLIT (I,J) = ( XL (I,J)* (1.O — PIIIIJ)*VtjLI 1- XLU*UMPIPrI +
S XLL*LjMPIMM — XL (I,J)*DMpl~vI )/UENOM -

IF (wH OLEC) DOTUT(I,J) ( UO (I,J)* (1.O — PHIIJ)*V OLI +
$ DOU*DMPIPM + COL*DIIPIMM - UO (I,J)*OMP1M )/OENON
IF (WIIULEC ) DITLiT(I ,iJ) = ( O I( I , r J)* ( i .0  — PHIIJ)*VOLI +
$ DIUsDMPIPM + OIL*L)PIP1PiM • UI(I,J )*O1IPIP-- )/DENOM -

C
78 CONTINUE

PHIOTD (I,J) Rd1 1F4
PH12TD (I,~J) = RHILS

C RESTORE DX AFT ER EACH ITERATIO~
DX OXTEMP

C
80 COP-TINUL - -

C
C

(10 100 I 1,NGX
PHI8G(1,2):PI— 1136( l,2 )—PH IBC,2 ( I,2 )+ 1 .O
BPRAIJ (1,1) DO2TLIT (I,I )
U021OT(I,1) 0.0
PHIPTD (I,1):PHI2TD(I,1) -
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PHIoG (1,1) 1.0
PHIBTO (I,1) 1.0
PHI2TL)(I,1) 1.O
Pl—11R 62(l,1) 1.0
D02(I,1) 0.0

100 COP~TINUE
C

H IT URN
FNO

I
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SUBROUTINI PROPMO
C
C SUbRoUTINE PROPP- U C ALCULATES PROPELLANT P-’Ol ION IN THE BARREL .
C

COl1lriON/CLOC r~/1 IME , DELI
CONr,ON/UA RRL 2/h O kLA ,XP ,VP ,BuREi) ,HORER ,130R108,U T 2RD ,DT Dc U ,XLB A P
COMMON/CHAM/IX ,IR,XB ,RB,NGX ,N6R,IBEGB,IENDE3,IPATH (6O,5),AREAG(~~),
$ Al (LACH,AREAC( 60),IGtiIT,UNLU,LJIAM1,DAAN2,DIS1,0152,0t53,[j54,
S AREAR (60),AREAAX ,CHAM 1,CI-4AM~~,CHAM3,IOPG AP,AREAGP (60) .CAVG ,
$ A REAH2,OIAMbT,BELENO,BELBEG,IPS1,1P52,KAUPS,BPIGN
COMMON/E 0P-~S/DTUX,T2DR,T2DX,TWoTDR,0TLR,HMt3,TWOGJ ,flVAXjs,flVAXI~~,
$ DX ,UR, I’JX , GJ ,TWO DT ,Ht 3 P -
COMMON/ORAIN / XL(60,5). 00(60,5), 01(60,5)’ FN~
1 XLTDT (60,5), 00101(60,5), O1TOT(60,5), XLO, 000, 010,
3XLB (100),UXLH (100) ,XLE32(100),UXLB2 (100) ,00B (100) ,U008(100),
$00B2( 100 ) .000132( 100) ,DIB( 100) , U D I B (  100) ,C11b2 ( 100) ,UDIB?( 1001 ,C 102,
3 0002,XLO2,XL2 (bO,5) ,002(60,5) ,DI2(60,5) ,XL2TOT (60,5),
4 EIO2TOT(60,5), OI2TDT (60,5), FN2
COPThON/GRAIN2/HNB1, l*1B2. ATPB2~ CT21 RHOP 2s PEXP2
COP’riOW/INPUTS/C 1,C2,C3,C4,To,TIGN,OCONS ,1<HOP ,PHIO,TF,C A ,RHOO ,
$ Ho,po,Uo,GTRHOP,Hw,OM,OP-12,TIGNBp,QBCONS,TOTM,DIFFpR
COMIOI\J/SPLINT/WHOLIEC , WHOLEB
CONMON/B AG/PHI BG(6 0 ,5) ,  Rf i0 è3 ( , (60 ,5 ) ,  Ht 3 G (6 0 ,5 ) ,  IJB G(6 0 .5 ) ,
1 VBG (60,5), URU (6Q,5), PCHI6O.5 , TZC(60.5),
2 DOTMIG(60), QBAG (60,5), XORA6(60,5), DOTMB(60,5), UpGOT (6O,~~).
3 FHIBTO (60,5), RHOBTO (6Q,D1, h%TD (bO,5), U86TD (6O,5)~
4 VBGTO (60,5),TBG (60,5),00TPlflG (60),00TMP(60,5),PHIBF (60,5),
5 PHIPTU (60,5) ,TZfc(60) ,TBP(60,5) ,PHI2TU (60,5), UPR2(60,5),
6 TZR2(60) ,TZC2 (60,5),PHIBG2(60,5)
COP-IMON/BARRL/ PHI ilOO ), RHOG(100), HG (10(J), U0(100), UP(100),
1 P6(100), IGI1IJO ), PMDOT(100), QL (100), UDRAG (100). FRICT (100),
2 QCONV (100), UUP (100), Uf’HI(lOO), URHOO(1001, UIIG (1013), tJUO (ICO),
3 AI~,A SS (10O), AMON (100), AENER(100 , UAMASS (100), UAMOl (100),
4UAENEK ( 100) ,Pl-112( 100) ,UPHI2(100)
LOGICAL tC,NIT,Oh~EL,CHAM1,CHAM2,CHAM 3,bP16N
LOGiCAL WHOLEC,WHOLEB
DATA RI, P1LJF /3.141593, 0.785398/

C
C *** LOAD BAF~RLL GRID NO. 1 WIlt-i QUANTITIES FROM CHAMBER GRIC NGX
C

PHI(1) 1.0— (AREAR(NGX )/BOREA) * (1.O—PHIBGUiGX,2))
PH12(1)=1.0— (AHLARINGX )/ (3OR1M * (1.0—PHIIIG2 NGX,2))
XLFU1) = X L( N GX ,2 )
DOB (1) OO (NGX,2)
DIP(1) 1ii (NG)C ,2)
XLB2(j) XL2 (~’1GX,2)
DOB2 (1) [s02(NGX,2)
0182(1) = 0I2 (NGX,2)
UPIX ) UPIJ (NGX,2)
UUP(1) U1i1)

C
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C *** CLEAR POROSITY AND PROP. UINLtJSIONS IF THERE IS NONE IN THE GRID
IF (PHI(1).LE.0.99999) 60 10 1
P1-41(1) 1.0
XLB(1) = 0.0
008(11 0.0
DIB (1) = 0.0

1 CoNTINUE
IF(PHI2(1’~.LE .0.99999) GO TO 2
PHI2(1) 1.0
XLB2 (1) 0.0
0082(1) = 0.0
DIB2 (1) 0.0

2 CONTINUE.
C *** PUT UPOATED POROSITY AND GRAIN DIMENSIONS CALCULATED IN fliP -IN
C INTO ARRA YS PHI, LO~~, ETC .

00 3 1 2,NX
PHI (I) = UPHI (1)
001(I) = 000BU)
018(1) = UDIB(I)
XLI3 (I) UXLB (1)
P1412 (I) = tIPHI2(I)
(1082(I) = U0002(I)
1.4182(I) UUIB2 (I)
XLS2(A) = UXLb2 (I)

3 CONTINUE
00 10 I2 , NX
P141(I) LIPHI(I)
PHI2(i) LJRHI2 (I)
XLR (I) = UXLB(1)
008(I) ULIOB (l)
018(1) = 0018(I)
XLB2(I) = UXLB2(I)
00R2(i) 11110142(1)
0182(1) = 0tJ1h2 (I)

C *** LOAD ALL PROPELLANT POROSITY INTO F-Hill )
P1-11(I) = P111 (I) + P1112 (I) — 1.0

10 CONTINUE
PHI (1)=PHI (1)+PHL2 (1)—1 .U

C
C *** UPDATE PROPELLANT VELOCITY. F-UT UPDATED VALUES IN A RRAY UUI-’
C *** USE AN AVERAG E. POROSITY IN UPDATING UP.C *** GTRHOP iS GR AV * [ELI / R I-jop
C

- 00 15 I = 2 ,NX
PI IA VL = (P111 (1—i) + PHIl!) + P111(I) + PIiI (I+1)) * 0.25
IF (I.LQ .NX) PHIAVI. = ( P HI( i — 1)  + P111 (I)) * 0.5
IF (PHIAVE .GE . 0.999~9) Go TO 15
DETLUP = GTI HOP * UL)NAG (I),(1,O - Pi-’IAVL )
UUP (1) = UP (I) + DILUP

15 CONTINUE
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IF(UUP (NX .t~F.v I-’ UtJP (1) VP
DO tiO 1=2,MX
I N C s~E 1 -

C s** TISI VELU c1rY iN ITH GRID 10 OETETRM’INL INTO WHICH ACENT
C *** GRIt) I h E  F’110F-ELLANT WANTS TO FLOw .

IF (ULJP (i).LT.0.O) IWCRE — 1
IF (uUr~(I).LQ.0.OJ lUCRE
1IWU = 1 -s- 2*INCRL
lONE I + 1NCRE
UPI = UIIP(I)
AREA X ROREA
A ROIME = AU1-~EA
AKTwO 801-lEA
IF (IT~.O.LT.l) 1\RTWO = AHLA R (NGX— 1)
IF (IOIJE.EQ .1) AHONE = A R LA F4 ( N &X )
AREMP1 L4CiHLA
ARLA F-il BO RE-A
!F(-I-1.E O.1) ANLItM1 = AREAIq NGX)

C ss* CALIULATE Ti-IE AL IJACENT GRIt;’ MASS bALANC E PARAMET ERS
0P4P11 (1.0 — F I-11(IONE)) * DELI * ARONE *AUS(UUP (IONL))
OMPA (1.0 — P111(l)) * DELI * ARE -AX * ABS (UUP (I))
DNP12 = 0. 0

C *** DETERMINE IF TI-il ADJACENT GRIt) LIES ON A bO UNDARY
1F(LONL .EO.NX+1) 00 TO 25
IF(FLOAT(IF’cRF:)* UUP (ITWO )-.LE,U.0) DP’iI-12 (1.0—PHI(lTwG) )

*AbS (U UP (ITW (J)) * I)E.LT* AR TWO
C *** PERFORM ~1A SS LIALAMCL ON 1+1 IIMCRE (~RL0

PHIll PHI (IONE) + (DP-WIj - flMP12 - LJMRI) / (ARONF * DX )
25 IF (ABS (UPJ) .11.1.01—7) UPI=o.o

C *** CALCULATE PARAMETERS FOR THE ITt- I GRID MASS BALANCE.
Dt’IPIPl = 0.0
OMP1 = (1.0-P1t1( I)) * DELI * ARE -AX * AE4S (UIJP(I))
DMP1M1 OiL )
XLU = XL [J(I+1)
XLU2 = XLF3� (I+1)
XLL � = X L F 2 (I — 1 )
DOU~ = 0082(1+1)
00L2 lii1L42 (I—1 )
01U2 = 1 182 (1+1)
01L2 01132 (1-11
XLL XLL3 (I-1)
001) OOBU+1)
DOL 008(1-1)
DID 018(1+1)
OIL = DIU (1—1 )
UPU = UF(I+1)
(WI = U F ( 1 1)
IF (I.LQ .NX) GO 10 40
IF (UUP (I+1).LI.0.IJ)OP-’PIP1 (1 .U — PhI (1+1))

* DELI * ARLMI- 1 * ABS (Uui- (I+1))
1F (UUP (I—1I.GT .0.0)OP-IPIPI1 :(1.U — P111 (1—i ))
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1 * DELT * ~RE MM1 * AI3S(UUP (1-1))
•- G0 10 50

40 IF(I.Eu.N~ .AND. LjUP (NX—1; .GT.0.0 DPIRII41 = 2.0 *
1 (1.0—PH1 (I-~X—1 )) * OLLT * AREA P11 * ABS (Ut-jP (NX—1 ))

- - DMPJ 2.0* UMPI
C *** MASS BALANCE ON TI-IL ITH GRID TO DETERMINE NEW VALUE
C a*s OF POROSITY
50 P1-Ill P141(l) + (UMPI - OMPIPI. — DMPIMU/ AREAX * DX)

C *s* DETERMINE OMPIM, OMPIPPI, OMPIMP-i, PHIXPI’ Ai~D OMPIS, fl~ PII’S,
C *** DPIP1MS, P1-illS, ~JHICH HAVE MEANINGS SIMiLAR TO DMPI , OMPIP1,
C *** DMP1M1,PHI1, OF~LY DEAL WITH PIP OH SR PROPELLANT ONLY.
C ***C *** EXTRACT POROSITY OF PIP PROPELLANT FROM PH!

PliIIJ = P1,1(I) — Ph12 (I) + 1.0
yOu AREAX * ox

C
C
C *** DETERMINE THE P-ASS ES OF ~P AND SR PROPELLANT FLOWING FROT’ GRIt I.
C *** LET THE POROSITY OF PROPELLANT MOVING OUT OF 1HE GRID BE P141011.

PHIDL.JT = i.u - LJMP1/VOLI
IF(UUP (I).LE.O.0) GO TO 51+

C
C *s* SINCE PROPELLANT IS P--OV1NG TO THE RIGHT , PIP PROPELL ANT MOVES
C **s BE-FURL SP.

IF(I-HIOUT,LT .PHIIJ) GO TO 52
C
C *** ONL Y PIP MOVED.

OMPIS = 0. 0
DMPIM = OMPI
60 10 50

C
C *** ALL PIP AND SOME 5p MOVED.
52 OMPIM = (1.0 - PH1I~J)*VOLT

1.IMPIS = OMPI - OMPIM
60 10 58

C
C *** SINCE PROPELLANT is MOVING TO THE LEFT, SR PROPELLANT MOVES
C *** BEFORE MR .51+ coJVrINUE

IFIPHIOUT .11. PHI2 (I)) GO TO 56
C
C *** ONLY SP MoVED

OMPIM = 0. 0
DMPIS = DMP1
60 10 58

C
C *s* ALL SR AND SC~,L PIP MOVED.
56 OMPIS (1.0 - PI-112 (I))* VOLI

CMP1M OP-RI - OMPIS
C
C
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C * *s  DETERMINE 11-tI P MSS [S OF MR AND SP PROPELLANT FLOWING FI4CPI CHIC
C *** 1+1 INTO GRID 1.
C *a*  Oflilpi iS GREATER THAN 0.0 ONLY IF UUP (I+i) IS L E SS THAN 0.0,
C ss* I. C. ONLY IF St— fIOVES FIRST.
c

~~ CONTINUE-
TF (UMPIP1 01. 0.0) Cl.) 10 ~o
DMP1PM (J.0
OPIPIPS = 0.0
G0 10 64

C
50 PHIOUT = 1.0 — W PIP1/ (AREAP1 * DX )

IF (PHXOLT .1.1. P1,12 (1+1)) 00 TO 62
OMPipPi = (,.O
OMPIPS DMPIP .L
GO 10 614

L.
i~2 (JMPIPS (1.0 — P1112(1+1)) * AR 1-A P1 * (ix

[)MPlpP- uMI- IRI — l’t’tPIPS
C
C *.* DETERMINE i~~t-: 1IMSSLS OF PIP ~t-~~ SR PROPELLANT FLOW ING FR0r~ CRIC
C *** 1—1 INTO GRID I.
C *** DMP1M1 IS CREA 1EH THAN 0.0 fIlLY IF UUP (I—1 ) IS GREATER THAN
C *** 0.0, 1. E. ONLY IF i~1P MOV ES FJt4SI .
C
F~4 CONTINUE

IF(L~MP IP-1 .GT . 0.0) GO TO i- , ,

jiMPfl~M (4.0
DM1- INS (‘.0
,O -Ic 69

C
66 PHIOUT 1.0 — It~ P1M1/ (A R E.A rij  * DX)

IFftI-IIOLjT .LT. (P1-iltI—1 ) — P1-112 (1— i ) + 1.0)) 60 TO 68
LIMPIMS 0.0
DMPIP-PI UP--PIP- il
GO TO 69

C
bA DMP1I1M (1.0—( P111(1—i ) — Pt-112 (1—1 )+1 .0))*ARLAM1 *PX

DMF-INS = uP-~~1ril — UMPIF’IM
69 CCNTIi~iUE

PHI IM=PHI I’J+ (1t’1PIM—D MPIPM— DMPIMP-i) /VOL 1 I -

PHIIS P1112 (I) + (OMPIS - DPIPIPS — DMI-IMS)/VOLI
C

IF-(1.NL.N X ) Go TO 7~
XLI XL.L
DOt) = DOL
DIII = OIL
UPU = 0.0
XL2U XL.2L
00211 002L
13120 13121 - -

C
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C
7~i IF(PHI1 .GL.0.99999) GO TO 7t1

UUPII) (UUP(I) * (1,0 — P 1 4 1 (j ) )  * AR E-AX * Dx
1 + UPU * OMPIP1 + UPL * IJMPIM1 - (JUP(I) * OMPI),
2 ((1.0 - PHIl) * AREAX * DX)C
IFU-’HIIS .t,L.0.99999) GO TO 76
OEPcOM (1.0 - PHIIS)*VOL1
UXLb2 (I) = (X LB2( I)  * (1.0 — PHI2(I)) * VOLI + XLU2 * DP-.PIPS •
1 )~LL2 * OMPIMS - XLB2 (I) * OMPIS)/DLNOM
U00U2 (I) (00b2(1) * (1.0 - PHI2 (I)) * VOL.1 + DOU2 * OMPIPS 4

1DOL~ DMP LP-eS - 00b2(I) * [JNPIS )/DEI’JOM
UDIb2 (I) (0IB211) * (1.0 - Pt-4I211)) * VOLI + DIU2 * oP~PIPS ..
1 IiIL2 * DPIPIP-IS - 01B2 (I) * OMPIS) /DENOM

C
76 CONTINUE

IF PH1IM .61. 0.99999) 60 TO 78
DENOM = (1.0 - PHIIPI) * VCLI
UXLI3 (I) = (XLB (I) * (1.0 - PHIIU) * VOL.1 + XLU * OMPIRM +
1 XLL * LMPIMM - XLB (I) * OMP1PI )/OFNOM- 
IF (WHOLEC) UDOBII) IDOB (1) * (1.0 — PHIIIJ ) * VOL.1 .

1 000 * DMPIPM + DIlL * DPIPIPIM - DOB(I) * OMPIM)/QENOI’
IF(WHOLEC) UL)lti (I) (015(1) * (1.0 — PH1IU) * VOLI +
1 010 * DMP1PM + OIL * DMPIMM - DIBII) * OP-iPIM)/DENOI’

C
78 CONTINUE

UPMI (I) PHIIPI
UPHL2 (I) PHIIS

C
80 CONTINUE

C
C

00 100 1 2,NX
P111 (I) P111(I) — P1(12(I) + 1.0

100 CONTINUE -

C
RETURN
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SUBROUTiNE PI’t 1-~- 1R
C
C SUE~1k L,U1lNE F HPF1R LA LCUL A T E S PROP ELLANT HLgT TRANS FE) ”  ANC
C TEPIFLRATURE NISE LEADING TO TON IIIciN .
C TZC (i,1i ) - ~URF1\(E TEMPERATURE OF PROPELLANT NOT UNDER TI-IF
C INFL LJE -I-~CE OF bELL lOttE HOLES AT GRID (I,J)
C TZk(A) - SU~ Fj~Ct T EMPERA T UR E: OF PROPELLANT UNDER THE INFLUENCE
C OF DELL TUEL DOLES AT (‘Ru) (1,2)
C
C

C oP - hON/ChAP - , I~~, i k ,x [ s,RU ,N&x,NGR,1LiGF 4 ,1LNui, IPAT H(6o ,~~) , A l~EA 6 ( ~~) ,
1 AR E AcI-i ,I\t-t AL (bu ),IGN1 T , (rJEL),uI Ar 11,oIA P-2,DIs1,pIs2,nIs~~,tJIs

q,
$ ARL AR (60) ,A kLAAX ,L11AN1 ,LH /\ I~2,CHAN3,1UPbAP ,A 1-U AUP(b0) ,UAVG,
$ A R[I* I ,Lj Iid’ :bT ,BEL LI’JO,E 3EL.L4EG, 1PS1, 114S2 ,RA DPS ,BP IGN

CUNhUI1/L S/f l T LJA , I2 (J H , 12 [ )X ,TWO T UR, Lj TL ) R , I -$M B,TWOG J ,L1~J / t X J S , ( JV A X I 1 ,
$ DA ,L ;R , NX ,t iJ , I~~Ot 1, Hb P
COP- :O N/CLOC~~,’T 1r-~E ,UEL1
COP-P-’ON/GHAIf./ XL (L0.5)~ D O( ~ , o, 5 ) ,  O I ( ( U ,5 ) ’  EN.
1 X L 1 ( T ( 6 O ,~ .) ,  L O T L T ( 6 0 , 5 ) ,  D I U)T ( hf l , 5) ,  X L 0 ,  [0 0 ,  PIn.
3X L E l 1o o ) , u x L 1 1 ( 1 uo ) , x L I 32 ( 1 oo ) , UX L r ~2 ( 1 o o) , D O B ( 1 o o) , U r o t 3 ( ta o ) ,
$LiO~~~( 1 0 O) , U U (~ij~~( 1UU) , L ) 1Ls ( 1 t ’ 0 ) , U L ) I b ( 1 f l O) , L , i B2 ( i C O ) , t I [ I P 2( 1 O O) , C  102,
3 L( ’o2 ,X L02 , x L 2 ( E~e ,5 )  ,UO~~(6 ( , 5 )  .D I2(60,~~) ,X L 2 T DT ( b O ,5 ) ,
~ Dtj21u~~(6 t I ,5 ) ,  E~. L2 T D T ( 6 0 ,5 ) ,  Ft-~2
COP’I~Ol / GNAIJ ~2/ft-ih1 , H19b2. /\TF ’l~2, C T2 ,  R I-tOF’2, PEXP2
CO OI-J,hOLEA/I~A OL(8~~),NR(~WH,NI .OLLS(55),xCL (€~,),A REAH(sfl ),
$ I’I- (60),FRACT(b(j )

$ 1,0,F0,Uo,OTR1OF-,I-jw,DN,LI,~?,T1G1-IBP,Lfl(cUI~S,ToTM,DIFFPH
CO P- r~UN/1’/IPk1r~1 ,MULCH, R000R , PR Ii , ILEBUG (35)
C g lOPJ/ LiAG/ I~H1t-’ o (e ,0 ,5 ) ,  RH(I(~ ,(6U ,~~),  Hbb ( b tJ ,5 ) ,  l .JBG (6 0 ,5) ,

I VEU (60,5i. UPRI6O,5), PCI1 (hOi~~), TZL (6(’,5),
2 IjOTNIG (tU), oBMG (60,5), XURAG (bO ,5), OUTMIJ U,0,5), UPbflT (bO,~i.
3 P1-i1BTD(b0,~.), RIIOB1D (6(J,5), HE4GTU (60,b), I I ESGT P(60 ,5 ) ,

~1 v 6 0T U (6 0 ,5 )  .1110(60 ,5 )  ,DOT P-~f l G ( 6 O )  ,DO 1MP(60 ,5 )  ,PFIIEt P ( 6 U ,5 ) ,  
-

5 PHAPTD (6ue5 ) ,12R (60) ,TUP (hU,5) ,1—H12T0(60,5), UPR2(60,S),
6 T2H2 (60) ,TZC2 (bO,5) ,PH1HG2(bO,5)
COP-r’ON/FROI- 0/ I- iRE
D IMENSION UHO LL(6 0)
LOGICAL Ho 1-~2
LOGICAL IGNII,OWEU ,CHAM1,CHAM 2,CHAP-t3,BPIGII
LOGICAL PH 1j,1L~LF~Ub
LOGIC AL FiR E
DATA FO RTPI/12.566/

C Fi RE REMA1I ~S THU AFTER liii FIRST PP-OPELLAW T GRID T6NJ1LS
C
C AR RAY UBAG IS CLLAIk EL) ID UI-hA lE AT EACH TiME. iNTERVAL ..
C I BAC IS USED IN CALCULATiNG uPDATED ENTFIALPY IN THE PATH ROUT1I~ES.
C A TERM MAY PAV E ALREADY BEL F-~ AIJOLO TO UBAG I’J SUBROUTINE APF IR .
C
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C 16(41 WILL REMAIN TRUE ONLY IF AT CACH GRID THERE IS NO
C PROPELLANT OR THE PROPELLANT iS IGPII1EL).

IGNIT = .TItUE..
00 100 .J 1,NGH

ROW 2 = .J .~:(- . 2
DO 97 I=1,NGX

TTX T[JG(I.J)
TEMP TTX*SQRT (TTX)

C
C GAS VISCOSITY

TXMU = C1*TEMP/(TT)~ + C2)
C
C THERMAL CONL UCTIV1IY OF GAS

TXK = C3sTEMP/ (TT)~ + C4- )
C

• 0
IF (FhIEiG (1 ,.J ) .OL.U.9 9999.AND.PH1tSC’2(I,.J) .61.0.99999) 60 TO 9!

C
C CALCUL ATE WEIGHTED AVE-RAGE OF OF’ A kO UI-:2.

I I M A V G ( L , M * ( 1 . 0 — P H I B G ( 1 , . J ) ) + f ) 12 * I 1 . . O — P h . L B G 2 ( 1 , J ) ) ) /
S(2.0—PHIIIG (i,.J)—PHIBG2 (I.U)) -

C CALCULATE RISE IN TZC.
If(TZC(1,J).GE.TIGN ) GO TO 95

C REYNOLLiS NUP-J3ER
11111-1 = Hh0136( I,J)* L)MAVG/TX MU

REIX = T EMP1*A B5(UbG( I,J) )
C
C NUSSLLT NUMbER

TEMF2 O.000613*PCH(I,J)*scO,556/TXK*DMAVG
TLMP2 TErIP2*0.b

!F (RETX .LL. 1.0E—1O ) TXNUS TEP)p2
IF (RLIX .61. 1.0E-10) TXNIjS = 0.3~ RETX**ft,62 + TEMF2

C
C SURFACE AREA OF PROPELLANT IN GRID PER VOLuME INCREMENT

IF (PHIBG (I,J) .LT . 0.99999) ADV = 1~,0*(1.0 — PHIBG(I,-,))s
$ ( (LiO (I,J) + FN*L)I(I,J))/(flO (1,.J)*DQ(I,J) - Ft~*
1 DI(I,.J)*DI(I,J)) + 0.5/XL(I,J)

IF(PHIbC(I,J) .GE . 0.99999 ) AIJV = 0.0
IF(PHIBG2(I,..J) .LT. 0.99999 ) ADV2 =

$ £4.0*(1.0 — PH1BG2( I,J) )* ( i .0 /( 1 i02( I,J)  — 012(I,J)) 4
1 U.~~/XL2II,J))

IF(PHIBG2(I,J) .61. 0.99999 ) ADV2 = 0.0
C
C TAKE A WE IGD1E,D AVERAG E- OF ADV AND ADV2.

ADV (ADV*(1.O — PHII3G (I,J)) + AOV2* (1.0 — PHIL3G2(I,..))),
$ (2.U — PHIBG (I,J) — PI118G2 (I.J))

C
C HEAT FLUX TO PROPELLAIJ1-—LTTL,/1T**2 - SEC

TEMP3 TXR,’DM AVG
QCC~NVA TXNU~ *TEhP3*ITTX - TZC( 1 , .J ) )
IF(I~CON (IA .LT. 0.001) 60 TO 50
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TEMP OCONVA *ADV
IF (ROW2) TEMP TEMP*FRACT(I)
QBAU (I,J) = Q8AG (I~~J) + TEMP

IF(1~~C (1.J).GE.TIGN) GO TO 95 -
TEMP = UCONS*L~CONVA -

-

TIFF = ((TZC (I.J) - T0)/TEMP)**2
IF (TEFF .T. TIME-) TIFF = TIME.

C
C HEAT TRANSFER CALCULATION USING SEr~I-INFINITE HEAT CONDUCTION
C EUUATIUN WIT H AN EFFECTIVE TIME

TZC (I,U) TZC (I,U) + TEMP*
$ (SQRT (TLFF + DELI) — SQRT (TEFF))

IF (UC (I,J) .LT. TIGN ) GO TO 50
FRACT(I ) = 1.0
FINE. .IRUE.
IF(IIiEBUG (10)) WRITE(6,2000) TLNL,I .J

C
C
C
C CALCULATE RISE iN TZR
so CONTINUE

IF(.NOT. R0vd2) GO TO 95
IF (FRACT(I) .GE. 0.9999) 60 TO 95
IF(TZN (I) .GE. 11GW ) GO TO 95
UHOLE (I) DOTMIG (I)/(O.7*RHOBG (1,1)*AH (I))

C
C RESULTANT VELO C ITY

UGAS = UBGII,J)
IFU .10. 1) UGAS = UBG(I+1,J)/2.
IFtI .10. NGX .ANU . Nx .EQ. 1) UGAS Ut3G(I—1,..J)/2. + UBG (I,J)

/2.
SWRTUH SQRT(UGAS*UGAS + VBG(I,J)*VBG (I,J))

RETXI-t = TEMP1*SQRTUH
IF (RETXH ,LE. 1.01-10) TXNUSH TEMP2
IF (REIXH .61. 1.01—10) TXNUSH = 0.3*RETXH**O.62 + TEMP2
QCONVH = TXNUSH*TEMP3+ (TTX - TZR(1 )
IF (UCONVH .LT. 0.001) Go TO 95
QbA b(I,.J) = QBAG (I,,J) + QCONVH*ADv* (1.o — FRACT (I))
lIMP = QCONS*UCONVH
TIFF = ((TZR(I) — Ttj)/TEMP s*2
IF (TEFF .GT . TIME ) TIFF TIME
TZR (I) = TZR (L) + TEMP* (SQRT(TEFF + DIET) — SQRT (TEFF))
IF (TZR (I) .LT. 11GW ) GO TO 9 5

IF (IDEBUG (11)1 WRITE (6,2001) TIMI,I,J
95 CONTINUE

C CALCULATE HEAT LOSS TO PRIIcER TUBE AND CHAMBER OR CASE WALL .
C SURFACE ARE -A PER uNiT VOLUME AND REPPESENTATIVE DIMENSION .

PEPGR O.0
IF (J.NE.1) GO TO 70
IF (IThAVG.r~T.0.0) PERGK ’,.0*(1.Q—PHIBP(I,J) )*AREAAX/ DMAVO
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OP-A =4 .O*I-H1E (I,J)*4RIAAA,(PERGR+5.1416*OLAP-IRT)
AUV SUI(I (FOR rP~ /AiaAAX )

70 COf’:T1NIJE
I1- (1J.NE-.2) GO TI) c~u
IF(OMAVG .G1 .0.1’) PL,-~GR=L4.u* (1.Q_PH1UG(I ,,J) )*AREAR (1)/D MAVG
OMAV ~~~+.0*PHI (i,~J)*AREAR (I)/ (PEH&R +3.1Lf1~ *(1.128*
$S(~HI (MRLAR ( I ) +ARIAM~~) +DIAMHT))
ADV (SQRT (F ORTPI* AREAR (I)+AE[AAX))+SW-CT (FORTPI*AREAAX) ),AREAR (I)

~% i ’  CON11NUL
PE1X=bH OHGII,J)*DP1AVG/TXMU*ALS (UBG (I,~j ) )
TE 2 T / ( .~’P VO
TLMP3 O .000616*PCH( 1,J)**O.5~ 6/TEhP2

N o S TEM P 3
IF( R LT X . GT . 0 .0 )  TXN L~S~ 0 .O2 3* R ETX**0.8+1EhP’ 3

GCO VA TX MiS*TE.hP~ * ~ T IX — T o )
t
~)BAb ( i , J ) = L i L ( A G (  I,,J)+QCONVA*AOV

97 CU(-’Ui\iUE
I F ( T Z c ( 1 , J )  .11. T Z C ( 2 , u ) )  1ZC(1,J )  = T Z C ( 2 , J )

1(11’ CONTINU E-
rFclzccl,2).GE.TIGN)FRAcT(1,=1 .o

C
RETURN

C
2000 FORMAT (/,’ TIME. = ‘,L1’+.8,’ PROPELLANT AT GRLD’ ,ILf,I~1-, ’ iS IGNITED’

$ )
2001 FORNAT (/,’ TiME =‘,11~+.8.’ PROPELLANT UNDER INFLUEP’CE OF BFLL lUBE -

$ HOLES IN GRIO’,I~e,I4,’ IS IGNITED’)END - 

-
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SUDROUTIWE PI~ V E L
Con ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ i i  ,~~ ~~ i’~’ - I- ’ ,I xl

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
$ AF~LACH ,IIRFAC (6tj) ,I1N1 1,I4JLjJ,Ljflp;1,tJjAp’2,UIb1 , (Jic2,fli~~~,fl1Sq,
j  p R i A R (6 O ) , A R EA A X , C H A M1,CI-~~~2,C ( l~,~~ ,1Cp(,AF’ ,AREA6 P(~~Q ) , O A v & ,
$ A EAH2,OIA I,t~LLLWU,BLLE:LG,IF’s1,Lr’s2,RAoPS,BF’IGrJ

COP~IOI-4/CL 0CI~/T ihi ,DILT

$ D X , DR, NX , G~J, IwO[jT ,H8P
COMNON/F ONCL/ PFORCE - ( b O ,5 ) ,  PFOKOT 160,5)
CUP-rION/INPUTS/CI,C2,C3,C~~,Tu,TIU I-j,oCONS,RHOP ,PHI 0,TF,C~~,RHOo,
$ H (,PU,00,GTNHOP,FIW,DM,L)M2,TIGI-,iBP,OBC ONS,TUIpi,L)JFFPR

COP r~ON/NEWPIII/ PHIU2,I1NOC2
COhiOW/ BA 6/P HIU&(t ~,O ,5 ) ,  R t - I O D G(6 0 ,5 ) ,  HL~,(~~0,5), UBG (60,5),
1 V130(60,5)t t J P L t (6 U , b ) ,  PC1-i (~,Q,5), TZC (E 0,5),
2 UCTIIIG (60), O bA L i (6 0 ,5 ) ,  X U R AC ’ ( u U ,5 ) ,  DL,IMB (60,5), IJpb0T(t0,~~),
3 p-’H11310 (60,5), kHOB1D(6Q,~s), IIBbTD (6u,S). UBGTD (60,5),
t~ VBbTL (60,~~),l%(60,5),UOU’,F~G (bU),(JO1I9P(6O,5),PHIRP (60,5),
5 PHLF’TQ (6U,~.),TZR(6U),Tk3P(bO,5),PHI2TU (60,5), UPtI2 (60,5),
6 T7tl~2(6Q),T2C2 (bo,5),PHjI3G~~(bo,5)
DIP-INSION I-’PROP(6o,5) -

DIMENSION PCOM)-~(6U)
LOGICAL IGNIT,Of-JED,CHAM1,LDAM2,CHAP,3,BPIGN
DATA GKAV/32.ib/
CALL CLLAR (PFORCE( 1,1) ,pFOj:QT (60,5))
CALL CLEAR (PPROP(I .1) ,PPROP(bo,5))
CALL CLEAR (FCUNP (1) ,FCOMP(60))
00 100 J 1.2

C*
C SUBROUTINE I-RPVLL CALCULATES UPDATED PROPELLANT VELOCITY
C (ASSUMING PROPELLANT IS FREE TO MOVE )
C*
C *** FOR THIS SUBROUTINE PUT TUE TOTAL POROSITY OF SP AND MR
C **s PROPELLANT INTO A RRAY PhIbb ,

00 5 I 1,WGX
PhiUG (1,~J )P hIBG (1,.J)+PIIIhb2 (I,J)+PHIbP (i,J)—2,0
ARLA=AR EAR (I)
IF(~J.L0. 1 )AREA MR EAA X
COMP (PHt0—PHIBG(-I ,~

J))/(1.O—PHI0)
FCOMPII ):0.O -

5 CONTINUE
C
C *s* THERE IS NO SP OR MR PROPELLANT FOR J =
C
Cs

00 50 I=1,NGX
C

PHIDG (1,J) PH1 bTO (I,~J)+PHI2Tjj (I,J4+PH1PT(j (I,J)—2.Q
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IF(Ph1bG(I,~J) .GL.0.99999) X [ )RAG( 1 ,J )=u .u
IF (PHLBG (1,J).lLiI.u.99999) GO TO 5U

c*
C* CALCULATION OF FORCL TRANSMISSION THROUGH A PACKED HLO OF PROPELLAN
C CAL (.ULATE TOTAL PNESSUIQ GRADIE~JT

IPA lr.~Fi s(I,J)
GO 10 (iU,10,20,1b,20),IPA

it) UPLJX (PC H (L— 1,J ) — PCH (I~~1,J))/(2.0*DX)
DFCUMF’= (FCOP-P (I— l ) — FCOMF’(Ii-fl)/(P.O*UX)

GO TO d5
C

15 UPPJt= (I-’L.H(i-1,J)—PCI (I,J))/OX
DFrUMP:(Fc.u,IP(i-1 )- FCUMP( 1) )/ DX
.. 0 1  U 2~C

20 L)PDX = (i ’Ch( I ,J)  — PC H( 1+ 1 ,J ) ) / D X
r t u ~ p= (FcoMPU)—I cuMP(I+1)),n)(

CONT IIv I,L
IF(PHiBC,(i,.~) •‘iE .F’lIlO ) L,FCOMP=0.0

C
AREA=AR EAR (1)
IFl.J.L (~.1) ARE A AREAAX
CFCOMP DFCOMP/AkE A
PF’ROI’(I,J)=XURAG (I,,J)+UP (IX* (l.O—PHIB G (I,J))+UFCOMP

31 COtI1NUE
C

I-’ K 110= RHO P
IF(J.E 0.1 )I-NHO BPOLAIS
DLLuP= F’PK OP (I,J)*GHAV*DELT/ (PIUIO* (l.O—PI-ILiG (I,J))

C
C
C UPDATE (IPB FUR USE: iN PROP(~L

UPBuT ( i,J) Ui~P( 1 ,J)÷I)EL&JP
C

~0 CCNTIr~UE
C
100 CO (-TII~UI

C
1)0 120 J 1’2
DO 120 I
PHI bG (i,.— J) PHI UI , (I ,J)— PHI2TII (I ,J )— I-’H 1HL (I ,J) +2. 0
PHIBG2 (I,J) = PHI~~TU (I.J)120 CONTINUE
RETURN
F NI)
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~~ERuuUNE. RE-GR E-S
COMMON/13U1-lt’J/AI PLi,Cl ,PEXP
COMMON/GSTATE/Au , Al, A2 , A3 , A OSP , A 1SF-i , A2 SP, A3S1
$ A0MP ,A1MP,A2MP,A3MP,A0BP,A1 3P,,~2bP,A3bP,WMSP,WMMP,I~MAP ,
$ GAr ’ , iB,C(J P’SP,CUM MP,C UMBP,GAhS P,GA MMP,GAMB P,W $’O LF
COP MON /CHAM/IX, IR,X 8,RB,NGX,l\JGH, IBEGB, IENDB, IPATH 0.5) , AREAG I!),
S A RLA C H ,Ak [AC (6 u) ,IGNIT ,C)NE1) ,CIAM1,OiA P2.0IS1,CI~ 2,DIS3,DISL~,$ /IRE, (6U ),AI- ~LAAX ,CIIAM1 ,CI,AM2,CHAM3,TUPGAP ,AKEAGP (1O ),01~V6,
$ A REMFI2,D1AI’ILt1 ,ULLLND,BELUEG,I1S1,IPS2,RADPS,BPIGM
corMoN,LQNS,oTox,T20R ,T2DX,TWOrOR,DTOR,HP-,u,TwoGJ,ovAxIs,ovAxIT,
$ R,N)(,L,.J,T1 OUT,HBP
COMP-ION/GRtIN/ XL(6U,5). 00(60,5), DI (6O,5)~ FN, 

-

1 XI.TDT (t 0,5), uDTljT (E~0,b), 01101(60,5). XLI). 000, 1,10,
3XLP (100),UXLB (100),XLB2 (lflti),(JXLfl2 (lQlj),U013(100),UJOtB (100),
S[J )F~2 ( 10( j ) , 1UO I~~ ( 10tI ) , DILt ( 100) , IJU I b( 1 0 U) ,D I B2 ( l O 0) ,U I ) I B2 ( ] 0 O) , C  102,
3 0C02,XLO2 .AL2 (hO,bI ,DO2(60,5) ,OI2 (60,~~) .XL 2TDT (60,5),
4 IJU2TDT (bO,5), uI2rOTcbo,5), FN2

CC’rt OW/GRAI ~~2/hr’~Ej 1, HMB2. ttTPB2, CT2. RI40P2, I’EXP2
Ct)M MON/hOLEA/l UHuL (~35),NRO~;I,,NHOLES(05) .XCL (ab),ARLAH(60 ).

S 4~. I t~u ) • Fis sIC II bU
t O( riCl~/IIJ f-LJ1S/C1 ,12,C3,C4, 10, TI6P-~,OCONS ,RHOP ,PI,I0 ,TF ,rj~ ,RHIO,

S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
COMMOI’~/SPL INT/whuLiC ,WHOLLB
COr’MOr~/ BAC./ PI- 1IuG(6U,5), RHObG(60,5h HBt, (6c i .5 ),  uRc 60 ,5 ,
1 V b G ( 6 0 , b) ,  I.JFb (60,5), f’CH (60,5), TZC(60,5),
2 I iOTM IG(60),  (4 F3A C ( 6 0 , 5) ,  X D RA ( ’ (6O ,~~) ,  ooTrB (6o,5), UPBOT (60,!),
3 PHIbTDIEU,5), Rh0bTL)(60,5), hL3GlD (60,5). UBC-TCU0,5),
4 VB ,TC (6O,5), 3G(60,5),DCaTMBG (60),t)OTt~:F(60,5),PHI13P(f~0,5),
5 PHIPTD (6u,b) ,TZR(6U) ,TBP (E0,5) ,PHI2lO (6O,~~), LJF- D2 (60,5),
6 T?it2 (bO) ,TLC2 (b 0,5) ,PHIBG2 (60,5)
LOGiCAL IGNIT ,ONI C~ ,CHAP,j ,((Ifl~ 2,C.~

,I-3,b,-j(1,4
LC ’ GL CA L  W HO LEC ,GliO L EF~
LOGICAL K O W 2 , I - ’~.DT
DATA F1 L~F/.7~ 53.’8/

C
C SU~ RUI’1 IliE R E 1Nt S (ALCULATE ~ UPDATE-U CHAI D [,Ir![NSTONS ~r t ~ POROSiTY
C OUL -10 ~sLR IjIwG oF r6 l-ROPELLAr.T . ~I IIl1i -. 1~ - USLO IN 1P~ PA I l-I

C ROUlir .;LS AIj( UPOATLI CRA IF . I L’E;~SIO-NS ARE . ~,SLl) iN PI~UPE L .
C
C
C AR PA’V DUTMb IS CL L / I l —LO IN Ul CATF Al EACh 1 I~~L INTERVAL

OOTñH O.0
DUTP-r 0 • (I
00 100 J 1,I-jGk

= ~.J •L0. 2
(10 9e I=1,NGX - -

IF (1ZC (I,J).GL.TibI.)FHALT(I) 1.U
I F I F I IIU’- (1,J) • G E . e  fl.99~ 99 .t*I~P. II h I E$l~2 (I,J) .GE. 0.999S5)

$ s.3O I( 90
= ~ OW2 .l *I .u .  FRACI ( I) .LL. ~~~~~~~~

C
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C IF PROPELLANT iN THE. GRID IS NOT IGNITED, DO NOT DO THE BURN
C CALCULATIONS

IF (TZC (i,u).GL.TIGN ) 60 10 10
IF (PAKT .AN U. TZR (I) .LT. 11GW ) GO TO 90
IF (.NOT. PART .AM (J . TLL (1,J) .11. TIGN ) GO TO 90

10 COPs1INUE
N ATPB*PCH(I,J)**PEXP + CT
RURNL = H*Tw UIj T

C
C
C LOGiC EON MULTI-PERFURA ILD PROPELLANT

IFU-HIBG (I,J .61. 0~ 9fl999) GO TO 40
C UPDATE GRAIN LENGTH.

XLTDT (I,J) XLII,J) - E4 UJRNL
C
C SEE IF GRAIN HAS SPLiT iNTO SPLINTERS
C**s***NOTE THAT OLD DIMENSIONS ARE BEING TESTLLS.

Il ( Uu (I,~i) .LL. 3.Q*Lii(1,J) ) GO TO 20
C
C -

C UPDAtE OTHER DIMENSIONS
DOTLT (I,J) = O0( I ,J)  — l-~URNL
LDI1OT(I.J) = LsI (I,J) + GURIJL

C
C CALCUL ATE OLD AND F-~Lw VOLUMES OF A GRAIN .

VOLD = PIUF*X L(I..i)*( LO( I, .J )*t )O( I ,~J ) — FN*UI(I,.J)sLJI (1,J)
V I~EW = PT0l-*XLTDTII,U)s( r)OTDT (I,J)*LiOlOT (I,J) —

S FN*[JITUT (I,J)SD1TOT (I,J)
60 10 30

C
C -

C CALCULATE OLD AWL) WL~ GRAIN V OLUMES.
C AFTER 1111 I3f~A IN HAS SPLIWTLJ~CU, VALUES FOR THE CROSS—SFCIIONAL
C ARE/I OF- THE. PARTICLES GO INTO A RRAY DC) AND VALUES FOP PENT-lITER
C 60 INTO A R RAY Lii . IF TI- lI GRAIN HAS JUST SPLINTERED , ARE1~ Al%DC PER1~ LTEF HAVE Eu bi IlJII I /ILI~~EU . iF ThE GRAIN HAS JLS~
C SI—LINTLREI1 LUU,J (S AP PROX IPA 1ELY 3.*UI (1,u) AND IF NOT
C OO(I,J) WILL BE l ESS THAN LI(i, J ),
20 CONTINUE

IFI OO (I,J) .L(. 01(1 ,..)) ) 60 10 ~b
I.HOLEC •FALSI.
ARIA = PIbF* (U ((1,.J)*DO (i,J) — FN*UI (I,J)*DI (I,J))
01(1..)) 3.145(00(1,.)) + FN*()I(I,u))
00(1,.)) = AREA

C
25 DLLR BURIsL*0.5

00101(1,.)) = Cull,.)) — Ui-iI ,J)*OELR
C

I I- ( D O TL’ l ( I ,J )  .61. 1.01—7) 60 10 27
[;OTO1(I,J) 0.1)
01101(1,.)) = 0.1)
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X L T L iT ( i ,J )  ( i s O
PHIBTO (I,J) 1.0
GO TO 50

C
27 CONTINUE

C ASSUME 11,1 RAI IO OF PERIMETER S~ UAl-<L U TO CKOSS—SECTI(ThAL ARE A IE
C CONS 1 A NT

DITDT (I,J)=SQRT(fJ1(1,J)*Di (I,J)/OU (I,J)*L)OTDI(I,J))
C
C VOLUNE IS LLNGTH TIF~ES CRO b~

’-SECTIONAL ARIA
VULD = XL (I,.J)*UO (I,.J)
VNEW = XLTUT(i,J)*ODTUI(I,J)

C
C
30 coi~T IW UE

IF(V NE- L*1 .LE. 0.0) GO TO 40
C

OELTAV VOLD - VNEW
C
C CALCUL ATE MMPLR OF GRAINS PER GRID/VOLUME OF GRID

PI-40V (1.0 — PHIBG(I ,J))/VOLD
IE (PAH 1 ) PNDV PNDV*u .cj — FRACT (I))
TEMP Pr-~ov*oLLTAv

C
C CALCUL A TE.  L4A S MASS GENE-HATED GY bURNING PRoPELLANT/GRID VOLUME

UG T NB(I..J ) TLMP*RhOI’
DELX OX
IF (I .L~~.1 )DELX UELX/2 .0
CUP nP CUMl-P+ TEM P*RHOP*Dt~LX * A F E A R (  I)
D(T MH DOTMII+UOTMH I 1g .)) *hhf~1
ooTr~M=DO TI~r4+()o1~ - b ( I  ,J)

C
C UPDATE POROSITY

PIIIHTDU,u) = PHIE3G(I,.J ) + TE~ P
1F 1-’ARI) I)OlU1 (L,J) L UTOT (I,J)*(1.0 — FRACT (I)) -s. DOU,..)*

$ FF A (T (I)
IFIF A R 1) L)illtT (I,J) (ITIJI (I,J)4(1 .0 — FRIICT(I)) + flI (I,~~)*

$ FFcAC I(I )
IFIPAR 1) X L l U u I I , l )  = XLTUT (I,J)* (1.U — FRACT (I)) + ~L (I,~~)* -

$ FRACIII )
GO TO tO

C
40 PEiIBTUI1,.J ) = PIIIBG(i,u)

C
C
C LOG IC FOR Si NG LY-P ERFO RATE D PROPELLANT
50 CONTINUE

IFIPHIbU2(I,J) .61. 0.99999) 60 To 95
K~ ATPb2sPCtl ( I ..j)**PEXP 2+CT2
P UK WI :R*T WOO I

C
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I

HGS HG (NX )
PGS = PG (NX)
UPS UP (NX )
RATIO = DX/DXPRIM
RHOG(IP1) = RHOG (I) + RATIO* (RHOG (IP1) - RHOG (I))
UG (IP1) = 06(L) + RATIO* (UG (IP1) UG (I))
HG (IPX) = HG (I) + RATIO* (H6(IPI) — H6(I))
P (IP1) P6(I) + RATIO* (PG (IPI.) - P6(I))
UP (IP1) UP(I) + RATIO* (UP (Ipl) - UP(I))

C
C AT GRID NX OXPRIM SHOULD BE USED RATHER THAN DX, SO T20X MUST El
C CHANGED.
30 CONTINUE

IF(I ,NL. NX) GO 10 40
T2DXS = T2DX
T2DX = IJELT/(2.o*DXPRIM)

C
40 CONTINUE

C
Fl = PHI(1Plj . )
F2 PHI (IP1)
F5 P111(I)
61 RIIOGIIM1)
62 = RHOG (IP1)
65 RHOG (I)
El = G1SUGUM1)
12 62*UG (IP1)
ES 65*U6(I)

P1 PG (IM1)
P5P6(I)
P2 P6(IP1)
EI1 HG ( IM1)—P1/G1/778.0
EI2 HG ( IP1 ) -P2/62/778.0
115 H6( I )—P5/G5/778.O
C1=G1*EI1
C2 62*112
C5 65sEI5
H1 F1*I1
H2 F2*E2

C
PHIAVE (Fl + F5 + F5 + F2)*U.25
RHOAVE = (61 + 65 + 65 + G2)*0,25
UGAVE (UG (IM1) + UG(I) + L-G(I) + UGUP1))*O.25

IF(UP ( I) .EQ.0.0.AND.PHIAVE .NE.O. )UP( I ) UGAVE
UPAVE~~(UP(IMl)+UP(I)+UP(I)+UP(IP1))*0.25

C
UPHIT UPHI (I)

C
UKHOT = ( F5*A MA SS( I) * RHOAV E

1. — T2 DX * ( F2 *A MAS S ( lP l)s12  — Fl*ApIASS (IM1)*El)
2 + PMOOT (I)*AMASS (l) )/(UPHIT*UMMASS (I))
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C
PHIRHO = UPHIT*URHOT

C
GRAVA=GRAV *AMOM ( I) iPHI (I)

UUT I Fb*AM OM (I)*(E.1 + ES + ES + 12)50 ,25
1 - T2OX* (F2*AMOM(IP1)*12*UG (1P1) — F1*AMOMUM1)*E.1*L’Gur’fl
2 + GRAVA*PG(1P1) — GRAVA*PG (IP;l))
3 — IDELT*FRICT (I) + AMOM (I)*PMOOT(I)*UP (I) )/
4 (PHIRHO*UAMOM (I))

C
IF(/IBS (UUT) ,L1, 0.1) OUT = 0,0

IF( PHIAVE,L1.O.999 ) CALL O RAG ( LJ DRAG ( I )  . ,T HUE.,I.Q)
C

ET [T= (F5*AENERU)*(C1+2.O*C5+c2)/q.O
$—T2DX*1112*AENERUP1)*1I2+uE-NERUP1)*P2,778,0*
$(F2*UG(IP1)+ (1.0—F2)* UP (jpl) )—I(l*AENE.K (IPI1)*E11
$—AEWER (IM1)*P 1*(F1*UG (IM1)+ (1.Q—F1)* UP(IM1) )/778.0)
$—UDRAG(I)*UP (I)*LJLLT*AENER (I)/778,O—QCONV (I)
$+PM0OT (I)*AENER(I)* (hMB+UP (I)~~*2,TwOG..j) )/(PHIRHO*UAEI (EK (I))
CALL GSPROE (R0,RRO,R,CVU,CVH,CV,PN ,ETDT,TDUM,URHOT ,UUT,

~0.0.GAM,CP,4)
UHG (I)=ETQT+PN/LsRIiOT/778.O

C
C

01-11106(1) = UFIIIOT
UUG(I) UUT

C
C THE SAVED PROPERTIES AT GRID NX SHOULD E~E PUT BACK INTO THE
C APPROPRIATE ARR AYS BEFORE- I is SET TO NX.

IF (I .NE. NX — 1) 60 10 100
RHOG (NX) = RHOS
UG (NX ) U6S
HG (NX) = HGS
PG(WX) pGS
UP (NX) = UPS

C
C

1.00 CONT INUE 
-

C
C REPLACE T2OX BY ITS SAVED VALUE.

T2DX = T2DXS
C -

RETURN
C

IWO
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SUBROUTINE UPDATE
C
C SUBROUTINE UPDATE- UPDATES THE ARRAYS AT EACH TIME INTERVAL AND
C PRINTS OUTPUT.
C -

COMMON/OX VALU/DXPS
COMIION/&STATE/AU ,A3.,A2,A3.AOSP,AISP,A2SP,A3SP ,
$ AoMP,A1PqP,A2MP,A3MP,AoBP ,~~~pP,A2BP.A3BP.WMSP,WMMP,wM~ P,
$ 6AMI B,CLJlsSP,CUpl F~IP,CUMBP,6AMS P,GA MMP,GA MBP,W MOL. E
COMMON/FAILEO/THICKT,PHOOP,PCOMP ,BTI.JB,XNTUB,FAIL,MFAIL (60),
1THICK (60)
COMMON/BARRL 2/DORLA , XP, VP, BORED, BORER , 60RE08, DT2BU, flTOs(~, XL.BAR
COMMON/CHAM/IX,IR,XB,RB,NGX ,NGR,ibEGB,IEND8,IPATH (60,5),iREAG (~~),
$ ARCACH,ARCAC (6O),IGN1T,ONED,DIAM1,DIAM2,DIS1,DJS2,01S3,E)1S4,
$ AKCAR (6o),Ab-1I:AAx,CHAM1,C114r12,CHAM3,TOPGAP,AREAGP (60).CAVC,,
$ AREAH2,DIAMBT,BILEND ,BEIBEG ,IPS1,IPS2,RADPS,BPIGN
COMMON/CLOCK/TIME ,OELT
CUMMON/IONS/DTDx,T2OR,T2DX,TW0TDR,DTDK,HMR,TwOG,J,DvAxIs,OVAXII,
$ DX,DR,NX,GJ,TWOLJT,HBP
COMMON/C ASCON/Ko , RRU .CVO , CVH
COMMON/GASIS/K OM6,KROM6,CVOM6,CVHM6,RQbp,RROBP,CVORP,CVHRP
COMMON/GRAIN/ XL (60.5)i 00(60.5), 01(60,5)’ FN,
1 XLTDT (60,5), DOTDT(60,5). DITDT (60.5), XL0~ 000, DI0,
3XLB (100),UXLB(100),XLB2(100),UXLB2 (jOO),00B (100),UDOB (t00),
S00B2(100),U00132 (lOO),OIb (lOO),UDIB (jOO).D1B2 (100),00I82 (100),C102,
3 D002,XLO2,XL2 (60,b) .002(60,5) ,012(60,5) ,XL2TOT(60,5),
‘4 002T01(60,5), DI2TDT (60,5), FN2
COMMON/GRAIN2/HMF31, 111182. ATPB2. C12, RHOP2 t PEXP2
COMMON/GRIDNX/UXPRIM
COMMON/INPUTS/C1,C2,C3,C4,To,TIGN ,QCONS,RHOP,PHIO,TF,CA,RhOO,
S Hu,Pu,00,G1PWOp ,HW,DM,DM2,TIGWBF,OBCONS,TOTM,DIFFPR
COMMOW/MOCON/CON3,CON4,CONS,AREAPB ,Z0,W06,XOB,FDMAX,PINIR,
$ LF,RADPb,PMASS ,XINT,PINT,XLO,PLO,CON6
COMMON/P/IPRINT,MODCH,MODGK ,PRI1,IDEBUG (35)
COPIMON/PRIMV/BPUENS,BPRAD (60,5) ,AGENBP,BGENBP,EXPBP
COMM ON/6A6/PHID&(60,5), RHOBG (60,5), HBG (60.5), U6G (60,5),
1 VBG (60,5), UPB(60,5), PCH (60,5), TZC (6O,5),
2 DOTMIG(60). OBAG (60,5), XURAG(60,5), 001118(60,5), UPBDT (60.f),
3 P111810(60,5), RHOBTD (60,5), 118610(60,5), UBGTDI(O,5),
4 VBGTD(60,5),T136(60,5),00TMBG (60),00TMPI6O,5),PHIBF 60,5),
5 PHIPTD (60.5) ,1i~R (6O),TbP (l:O,5),PHI2TO (6Q,5), 0P82(60.5),
6 TZR2(60) ,TZC2(60,5) ~PHIBG2(60~ 5)
COMMON/BARRL/ PHI ilOO ). R1iOG (10U~l, 116(100), 06(100), UP (100),
1 P6(1.00), 16(1.00), PMDOT (100 , 01.1100), UDRAG (100), FRICT(100),
2 QCONIs (lOO), lJUP (100), UPhI (100), URHOG(lQO), &JHG (100), UUC’(iCO).
3 AMASS(lO0), AMOP’l (lflO), AEWER (100), UAMASS (100), UA~ OM(1oo),
4UAENCR(100).PHI2(100) ,UPHI2 (l0O)
LOGICAL IG1sIT,ONED,CHAM1,CHAM2,CHAM3,BP1GN
LOGICAL PRI1,IDEBUG
LOGiCAL PR12,VAR
LOGICAL FAIL
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DATA DOTMBS,00TMPS,PMDOTS/0.O,0.0 .0.0/
DATA 124/0/
DATA P11 ,p12,P13,PTI ,PT5.PT6,pT7,PT8,P19/Q.0 .0.0,0.0,0.0,0.0,
*0 .0 ,O,0 ,0 .0 .0 .0/

C
C
C
C
C***************** * ** ** *** * * * * * * * * * * * * * * * *** * *** * * * * * * * * *** * *** * * * * *  4*5*
C UPDATE CHAMBER ARRAY S 

- .

C*******s************* ****s***************************************** * *5*C
IF (IDEBUG (15) ‘AND. PRI1) WNITE(6,2003) IPRLNT,TIME

C
C IF THE POROSITY CONDITiON IS NOT SATISFIED, V AR WIL L BE SET FALS E.

VAR = .11(01.
C

11(51 = 1
J 1

C
9 00 100 I =

IF(I .G1. IENOU) .J = 1
PRI2 = .FALSES
If (MOD (1,MOO b1-c) .EQ. ~ .0K. 1 •E(. 1 .OR . I .EQ. NGX )

$ P1-112 = .TRUL.
C -

IF (I.NE.NGX) GO TO 51
IF (NX .NE.1) GO TO 51
DXFACT (DXPS- 0X*0.5)/(DXPR1M—DX*0.5)
PHIBTO (I,J) 1.0_ (1.U1~PHIBTO(I,J))*[,XFAC1
p1112T0(I,J) 1.U— (1.0—PHI2ID (I,J))*OXFACt

51 CONTINUE
C

PHIt3CUI,U) = PHIBTD(I,J)
P111862(1,.)) PHI2TD (I,J)

PI-tIBP (I,J) = PH1PTD(1, J)
RHOl3G(I,J) RHOBTD (i,J)
UUb (I,J) UBGTO(1,J)
VBG (I,J) = V66T0(I,J)
HljG (I,J ) = HBGTO (1,..j)
UPb (I,.J) = UPBOT (J,J)

C
C UPDATE TUG AND PCH BY CALLIN G GSPROP WITH HBG AND RHOBG

CALL (,SPR UP (K0,KKO,R,CVO,CVH,CV,PCH (i,J) ,HBG (I,i),
S TBG (I,J),RHOBG (I,J),UE3G (I,J),VBG (I,J),GAM,CP,2)

C
XLII,.)) XLTDT(I,J)
00(1,.)) = 00101(1,.))
01(1,.)) = DITDTII,J)

XL2 (I,J) XLaTUT (I,.J)
002(1,..)) = LO2TDT (I,J) -

012(1,.)) = DI2TDT (I,J)
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C
IF (PCH (I,J).LL.O.0.OR.HUG (i ,J).Ll fl.O.DR.RHOBG (I,J).LE.Q.0)

sGO TO 10
C

IF(.NOT. P1(11) 60 TO 40
IF(.NO1. ILJEBUG (15)) GO TO ‘40
IF(.NOT. pR12) GO TO ‘40

10 CONTINUE
= PCH (1,..fl/14k.

IF(PCH (1,J) .G1. 0.0 .ANO. HBG(I,J) .61. 0.0 .AND. RHOBC,( I,.)) .GT.. 0.0) 60 TO 11
WR1IE(6,2016)
WRITE (6,2003) XPRiNT ,1IME

11. CONTINUE
C
C ** PRINT iF WIGAT IVI iS DE-TECIEEj
C

W kITE(~~,2D01) I,J ,PHI I-ILi (I,J),HHIjE4(,(I,J) ,UBG (1,J),VBG(l,J) .
1 1- G(I, J),Tf 3G (1,.j),PRIiS,PHLbP(1,J),UPc3(T,,.J),TZC(I,~~),
2 3AG (I,.)),X (iRA6U,.J),[JOTMb (I,J),UUTMPI~I,J),phTUG2 (I,J),
3 TBP(I,u),XL (I,J),00(I,J),1)I(I,J),XL2 (I,J),D12(I,..H ,

~1- 012(1,.)), b1-~HUU(1.U)
40 CONTINUE.

C
50 CONTINUE

C
C POROSITY TEST

IF (CNEU ) 60 TO 100
IF (.NO1 . VA Is) GD TO 100

IF(1 .LL .IhE.GB)60 10 100
1F (I .61. ILND~~ GO T~ 10.0
If(PHIUP (I,1) .LT. 0.999) VAR .FALSL .

10 0 CONTINUE
C

iF (ITEST .L1~. 2) 60 TO lül
ITEST 2
1J 2
GO TO 9

C
101 COP~’TINUENAP~LL1ST/0OT/0UTMI6,0OTMB6, TZR

IF (ONED) GO TO 110
IF (IDLBUG (16) .AND. PHIl) WRITE(6,001 )

110 CONTINUE -

C
C

C DETERMINE WHETHER THE CHAMBER SHOULD BE MAOE 1-DIMENSIONAL

C
C ss* AT PRESENT. ONLUIP’~ WILL NOT BE CALLED.
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C
60 10 150 - J

C ***
IF(ONEO ) GO TO 150
IF (.NOT. VAR ) 60 To iSO
IF ( .NOT • IL’NII ) 60 TO 150

OW ED = .TRU l.
CALL oNEO1M
IF(IUEBUG (171) WRITE (C,2006) TIME
IF(IOEB UG (17)) WRITL (6,2009) 1FRII~T
I F ,Nu1 . IL)LHtJ6(1~~

)) GO 10 150
W R1I~~(b,2OU/ )
00 130 i=i,~~t;x

PRIS PCIiII,l)/ 1L4 L4 . -
~~~

wR1 1E (o,2U0~~) i,PHIH(,(I,1),RHUB (,(1,1) ,UBG (T,1),1-IBG(1,I),
$ Th6(1,1),PHES,UPB (I,1),PP 1E162 (I,1),XL (I,1),00(1,1),
S D1 (I,1),XL2 (I,1),1102(1,1),0I2 (I,1)

130 CONTINUE
C - .

150 CONTINUE
C
C

C************ ************4********* ************** ******************* ****
C UPDATE 8ARKE.L ARRAYS
C********************4****************4******************t******t*******
C

IF(.NUT. PH il) 60 10 170
IF(.NOT. IOEHUu (19)) 60 TO 170

WKITE( 6,2004)
1 = 1
PRES = PG(l)/l’l-’4.
WKITE (6,2005) I,PHIU) ,RHOG (I),UG (I) ,HG (I) ,TG(I ),PRES ,UP (I),

S QL (I) ,UIJRAG (I) ,PMDOT (I) ,AMASS (I),AM0M (I) ,AENER (I).
$P1112(1) ,XLB ( I) .0081 1) ,DIB(I) ,XLB2( 1) ,00B2( 1) .0182(1)

170 CONTINUE
C 1 3

IF (NX ,LT. 2) 60 TO 220 3
00 200 1 2,NX
CALL GSPROP(Hu,1 (RO,K,CVO,CVH,CV,PU,UH&(I) ,TU,LJRHOG(I),

*UUG (T),Q,O .GAM,CP,2) 
-

IF(Ul(HOG ( I) .LE.U.0.OH.UHG(I) .LE.O.0.OK.PU.LE .0.0)

* WRITE(6,2005) I,FHI(I),RHo&(I),Uc,(fl,H6(I),TC,(I),PG(I),
*tJp(1),~)L (j),UDKAG (I),PMDOT (1),AMASS (I),A1IOh (I),AENER (I), 

- -

*pI412(I), XLB(I),00B (I),DIB (T) ,XLB2 (I),LIOB2 (i),0IB2 (I)
PHIl!) UPHI(I)

PHI2 (I)=UPHI2 (I)
RHOG (I) = LJRHOG (I)
06(I) UUG (I)
116(I) UHu (1)
UP (I) UUP(i

C -
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C UPDATE TG AND PG ~~ CALLING GSPRUP WITH HG AND RHOG
CALL GSPROPI I-tO,RRO,R,CVO,CVH,CV,PG (I),HG (I),TG(I ),R1-40G(I),

S U15(J),O.U,GAM .CP,2)
C

- .  X L B( I) :U X LB( I)
DOE (I) UDOb (1)
018(1 ):UOIB( I)
XLB2(I) uXLB2(1)

DOB2 (I)=UDOL32U)
01132U)=UD1B2(1

C
AMASS(1) UAhI~SS(I)
AMOM (I) UAMO 1~(I)
AENER (I) = UALNER (I)

IF (PC-U) .LL.0.0.OR.HG (I).LE.0.0.OR.RHOG (I) .LE.O.0) GO ro 180
C

IF( .NOT . PHIl .) 60 TO 200
IF (.NOT. IDEBUG (19)) GO TQ 200

1PO CONTINUE
IF(PG (I) .61. 0.0 .AND. HG(j) .61. 0.0 .AND. RHOGU) .GT. 0.0)

GO TO 181
WRITL (6,2017)
WRIIE (6,2019)
WRITE 16,2018) 1,NX,IPRINT,VP,XP,DX,DELT
WKI1E (6,2004- )

181 PRIS =
W RIT E(6 ,2 005)  I,PHI(I),Hf-I[j13(I) ,U6(I),HG (I),TG (I).PRES,

S UP(1),QL( i),UDRAG (I),PP,)OT (I),AMASS(I),AMOM(I ),AENER (I),
SPHI2 ( i) ,XL8 (I) ,U013(I) ,DIB (I) ,XLB2 ( I) .00821 I) .0152(1)

200 CONTINUE
220 CONTINUE

C
C**s***s*********as**************i*************************** i****** * *5*
C PRINT OUT CERTAI N PRESSURES
C*************************s*********s*********ss*s**********************
C

IF (.NOT. PRI1) 60 10 240
IF(.NOT. 101606 (22)) 60 TO 240
P1 = PCH(l.1)/144.
WRI1E (6,2014) I~l

C
240 CONTINUE

C
C*********************************************************** *ss*********
C COMPUTE MASS OF 6AS IN THE SYSTEM AND THE MASS OF BLACK POWDER
C AND PROPELLANT IN THE SYSTEM
C********x*****s***********************************s***s**s*s******.* *5*

— C
C CALCULATIONS WILL BE DONE EACH TIME INTERVAL AND DENSITIES WILL BE
C ADJUSTED IF MASS IS LOST, -
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LOGIC IS NOT W~~IfTH~ FOR THE. CASE WHERE- CHAM1 IS TRUE
IF(.NOT. C I-iA~~1.) GO TO 250
WHI1E (6,2010)
GO TO 500

C -~~~~

250 CONTINUE
IF (WJLO) 60 10 301.)
VOL OVAX IS*O .b
GASMAS (Pk)J f36 (1,1) + P111062(1,1) + PHXBP (1,1) - 2.O)*RHOBG (1,1)*

1 VOL
PHOMAS= ((1.U—F h1t:t, (1,1))*RHOP+(1.0—PH1I3G2 (1,l))*RHOP2+ (i.O~
1 PHL LP (j,1))*BPUENS)*VOL
00 260 1 2,NGX
VOL OVAX IS
IF(I.E-0.NGX.ANL .NX .LQ .1IVOL (VOL* ((L,XPRJM—OX)/2.O)/DX ) J
VOLBPD VO L*UPDEi~S

GA S MAS GASf ~tAS + (PHIBG(I,]. , + PH1862(I,1) + PHIBP (I,1) - 2.0 - 
-

1 )*N 110136(I,1)*VOL 
-

PROMAS PROM AS+ ((1.O-PHIBG(I ,1) )*RI- (UP+(l.O-PI1II362(I,1))*RHOP2)i~J OL+
S (1.0 - Pl-IIUP (I,1))*VOL3PD

260 CONTINUE
C

VOL AREAR (1)*DX*0.5
GASMAS = GASMAS + (PHIBI,(1,2) + PHIBr32 (1,2) + PHIBP (1,2) - 2.0

1 )*RHOHG (1,2)*VOL 
-

PROPIAS FR OPIAS+( (1.O-PHIBG (1,2))*RHOP+ (1..0—PH!E362(1,2))iRHOP2+
$ (1.0 — PHIhP(1,2))*BPUEIiS )*VOL
00 270 1 2.NGX

VOL A R EA R ( 1 ) * O X
IF(1.EQ .NGX.At~uJ.NX.EQ .l)VOL= (VOL* ((DXPRIM—DX)/2.0)/flX )GAS MAS GAS~1AS + (P11IB ((I,2) + PHIBG2(I,2) + PHIBP (I,2) - 2.0

1 )*kHObG(I,2)*1IOL
PROMAS=PHOMAS + ((1, 0—PI-IIOG (1,2)) *RIjOp+ (1 • 0—PHIBG2 ( 1,2)) *RHOP2+

(1.0 - PHIBP(I,2))*I3POENS )*VOL
270 CONTINUE

IF(CHAM2 ) 60 10 320
C
C CALCULATIONS WHEl -~ CHAMBER IS ONE DIMENSIONAL
300 CONTINUE

VOL = AREAC (l)*DX*O .5 3

GAS 1~AS (P11186(1,1) + P111862(1,1) + PIIIBP(1,1) — 2,Q)*NHOBG(1,1)
1 *VOL
PROrlAS ((1.O—PH1F ~6(1,1))*RHOP+(1.—PHIbG2 (1,1))*RI1OP2+(l,—PHIBF (1,1
1 ))*I3PUENS)*VOL
DO 510 1 2,NGX

VOL AREAC(I)*UX
IFII.EQ.NGX.AND.N)i.EQ.1)VOL (V OL*( IDXPKIM-DX)/2.0),DX)

GASMAS GASMAS + (P111136 (1,1) + PHIBG2 (I,j) + PH1BP (I,1) - 2,0
1 )*RHOBG (I.1)*VOL
PKOPIAS PROMAS+ ((1.—PHIBG( i,1))*RHOP+ (1.—PHIBG2 (I,1))*RHOP2+

S (1.0 - f’HI8P(I,l))*RF~UENS )*VOL 
-
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310 CONTINUE
C
C BARREL CALCULATIONS
320 CON1INUE

IF (NX .10. 1) 60 TO 360
VOL BOREA*DX
VOLKOP = VOL* RIIOI~
IF (NX .10. 2) 61) 11) 31+0
NX1 = NX - 1
00 330 1 2,NXI
PHI(I) PHI (I)+P1112(I)—1.0

GASMAS GAS~1AS + PHI(I)SHHOG(I)*VOL
PROMAS PROMAS + (1.0 - PHI(I))*VOLROF’

PHI ii )=PHI (I )—PHI2( I )+1.0
330 CONTINUE

C
340 CONTINUE

VOL = BOREA* DXPNIM - 0.5*UX )
VOLROP VOL*RHQP
PH1(NX) P111(NX)+PH12(NX)—l.o

GASMAS GASMAS + PHI (NX)*RHOG(NX )*VOL
PROMAS = PROMAS + 11.0 - PHI NX))*VOLROP
PHI INX ) PHI (NX)—P h12(IiX)+1.()

C
360 IF(PRI1 .ANU . 101806 (20)) WHITE (6,201l) GASMAS,PROMAS

C
C ADJUST DENSITIES

ACTI AS = TOIM - PHOMAS
ADJUST = ACT GAS ,GAS MAS
00 370 J 1,I~Gf(
00 370 1 1,NGX

RHOBG(I,J) = ‘ I IOBG( 1,J)*AOJ UST
370 CONTINUE

00 580 1 2,NX
RIlOGlI) RHOG (I)*ADJUST

380 CONTINUE
C

IFIPRI1 .AND. 1OE.bUG (20)) WRITE(6,2013) ACTGAS,ADJIJST
C
C
C******************************************************************* .***
C KEEP A RUNNING SUM OF OOTMB ,00TMP , AND F MDOT TERMS AND
C DETERMINE GAS CONSTANTS ON THE BASIS OF THESE
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 5* * * * * * * * * * * * * * * * * * * * *C
C

SUI1Ib=CUMMP+CUMSP+CUMBP
IF(SUMB.LE.ti.0) GO TO 480
FRSP CUMSP/SUMB
FRMP CUMMP/SUMU
FRBP CUMBP/SUIit3
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AO=FRSP*AOSP+l RMP*AOMP+FRBP*A OBP
A 1 f  RSP*AXSP+FRMP*A1MP+FRBP*AIBP 

- 
-

A 2 = ~ R S P * A 2 S 1-’ + FR MP * A 2 M P + FR 13 P * A 2 UP
A3 FRSP*A3SP+FRMP*A3MP+FRBP*A3E3E
WMOLE=FRSP*WMSP+FRMP*WMMP+FRI3P*WMBP
GAMIB FRSP*GAMSP +F1-OIP*GAMMP+F Rk3P*GAMBP

480 CONTINUE
IF (PRI1.AND.IDEBUG (21)) WR1TE (6,2012) CUMSP,CIJMMP,CUPBp,
S AO ,A 1,A2 ,A3 ,GAMJB,WMOLE

C****************************************t******************************
C GET READY FOR THE. NEXT TIME INTERV UL
C * * * * * * * * * * * * * * * * * * *- * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
500 CONTINUE

C
C CLEAR ARRAYS DO1MIG AND DOTfrsl-$G FOR SUBROUTINE MFLOW , ARRAY CO1r’F
C FOR PRiMER , ARRAY G~BAG FOR PI*FIR , A RRAY 001MB FOP REGRES, AND
C ARRAY UP8OT FOR PRPVEL.

CALL CLEAR ( UOTMI G(1),UBAG ( 60,5))
CALL CLEAR ( DOTMB (1,j),UPBrLT ( 60,5))
CALL CLEAR (DOTMBG (1) ,00TMH6O,5)

C
C
C CLEAR AR RAY PMDOT FOR SUBROUTINE DIMIN, ARRAY GiL FOR 6NDLYR,
C ARR A Y 00)-lAG FOR KHOUH , AND ARRAY UUP FOR PROPMO .

CALL. CLEAR (PMOOT (fl, UUP(100))
P11:PCH(1,1)/11+4.O
P12 PCH (l,2)/14’#.O
PN1=PCHINGX,l )/1L14.0
I N2=PCH (N&X ,2),1L1 L4.O
I’bIs=Pb(NX)/ 14 ‘4 .0
)-‘11 P12
PT2 PT3
1’ 1 3=P T LI
P14=PT~
PT5 P16
PT 6 =f 17
PT7 PT 8
PT8 P19 -

PT9 P12
IF(f’TS,LT .lOOO.O ) 60 TO 7.~7
IF(PTS.61.PT1.ANO.F’T5.liT.P19.AWU.IDEBU6(34)) WRITE(6,2o15)1PHIIT,

*TIML,PT5
737 CONTINUE

XPPP = ixp - XOh)*12.0
I24 I24+1
1124=MOD (124,1Q)
IF(ID1BUG (24).AI~0.I12’f.LQ .O)WRI1E(6,2015)IPHINT,TI1ME,Pl1,

1 l’12,PN1,PN2’PGN,XPPP,VP
C

RETURN
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C
C
C

C
2001 FORMA1 (/,215,7t.~x,L1~3.8) ‘/‘1OX .7 (2X,Fj’+.8) ,/,1OX,7(2X,F14.8),/,12X

1 , L l 4 . 8,~~X , L 1q . .e,)
2003 FORfIAT(//,’ IPR1’~1 ‘.16,

$ - /, T1IV iL ~ ‘,[14.8,//,3X, ’I’,L)-X ,’J’,6X, ’PHIBG’ ,jjX,
1 ‘KHOUG’ ,1~~X , ’1J8G’ ,13X, ’VE c;’,13X,’HBG’ ,15X,’TBG’ ,13X, ’PCH’,
2 /,15X,’P~~1t3P’

,11X , ’UPB’,13X, ’TZC ’,13X, ’uBAG’,11X,’XDRAG’ ,1l)~
,

3 *[jQTME3*,11X,*IjO FliP*,/,15X,*PHIBG2*,1OX,*TBP * ,1t)- X ,*XL*,1i,X,*DO*
4 ,1’4X,*OI*,13X,*XL2*,13)(,*1)02*,/,16X,*012*)

2004 FORMAT (///,3X, ’I’ ,BX, ’PIII’ ,13X, ’RHOG’ ,13X,’UG’,14X,’HG’,t4X,
1 ‘TG’ ,14X , ’P6’,14X,’UP’,/,~~9X,’oL ’,l2X,’UDRA 6’,11X , ’prDOT ’,
2 11X, ’AMA S S’,12X.’AMOM ’ ,11X, ’AENIN’,
3/, 1OX ,* PHI24, 12X ,*XL B* ,13X,*LiOb*,13X, *D IB.,13X,*XLB2* ,
412)1., *00B2* . i2X. *01112*)

2005 FORMA T (// ,I5,7 (2X,L 14.~i) ,/ ‘21X ,6 ( 2X ,E1’4.8) ,/,5X ,7(2X,Et4.8))
2006 FOPPiAT (’l A t TiME- ‘.113.7,’ ThE CHAMi31R WAS MADE 1—D IP ENSIONA

SL’)
2007 FORMAT(//// ,6A. ’I’ ,bX, ’PH1IsG’ ,11X,’RHOSG’ ,l2X,’UBG’,13x,’HBG’,

$ 13X,*1136* ,l3X,*PCH*,13X,*UF- E3*,/,1OX,*PHLBG2sc,12X,*XL,.14X,*CC* ,
S 1q ) , , *D I *, 13 X , *x L 2 *q 13 X . * t) o~ *, 13x, *D I2* )

2008 FORMAT (/I5,7 (2A ,E14.8) ,/,7X,E11+.8,6(2X,E1l4.8))
2009 FO F~MA T ( / / , ’ IPR1i-~T ‘ .15)
2010 FURPAT( ’ LOGIC FOR SUMMING GAS i~ASS ARID PROPELLANT F#A SS HAS F~CT B

SE EN ~RITTEN F OR CHAM1 TRUE.’)
2011 FORMAT( ’ 1111 MASS OF GAS IN THE. SYSTEM IS’tFlO .kt//,

$ ‘ THE PiASS OF PROPELLANT AND BLACR POWDER ir~ THE SYSTEM IS’,
S Flo.1+)

2012 FORN/\T(//,* CUMSP = *,F1O.Ls,s CUNIIP *,F1O,4,* CUMUP =
SF1O.L4,//,* FOR THE NEXT INTERVAL AU *,110,4,* Al = *, -

SE10.4,s A2 = *,LIU.4,* A3 * , E1o.4,* (,AP’IB * ,F1fl.q.,
$ * W~ OLE

2013 FORMA T (’ ACTUAL 6/IS IN THE SYSTEM iS’, F10.1+,
S ‘ ADJUSTING FRACTION 1S.,F1O,l.,/)

2014 FORMAT(1HO,*PRLSSURL AT GRiD (1,1) IS*. 120.10)
2015 FORMA II2X, 15. 3X, 8(El3.b,2X)
2016 FORPuAT (//,*3. NEG ATIVE PRESSURE,CNTIiALPY OR DENSITY ~ETFCTED B f UpO

•ATE IN THE CHAP’ISER*)
2017 F O R MA T (/ / , * l NEGA TIVE PRLSSURE,LNTHA LPY OR DENSITY DETECTED BY UPO

.ATE IN THE. tJAR PCL*)
2019 FORMAT ( lox ,*1s,9X,*I~IX*,’+X ,*IPJ-(IP-JT* .iox .*VP*.13X,

* *Xp*,13X,*IjX*,11X,* (JELT*)
2018 FORPIAT (2X,3I10,4115.6)

END
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APPENDIX C

REQUIRED INPUT AND OUTPUT

A. REQUIRED INPUT

The input quantities for the computer code are read in with five
separate statements. The first quantity , IDEBUG , is read in with an L format
where card spaces 1 through 35 are marked with either a T or an F to denote
various output displays. The other four quantities are read in with a NAMELIST

format . The first of these, called MØDS, contains two items that are used to
regulate the time and space intervals of the primary program output. The

second group , called CHINP (for chamber input) , contains those inputs required
to perform all calculations in the gun chamber and is called from subroutine

CUSET. The third group, called BPINP (for black powder input), reads in all
input required to load black powder into the primer tube and is called from
subroutine BPINIT. The last group, called BARINP (for barrel input) , contains
those additional inputs required to perform-the barrel calculations and is
read in from subroutine BARSET. This appendix gives a description of all the

required input quantities and a value used to represent the M2A2 105mm howitzer

with the M67 propelling charge loaded with special lot PAD-PE-490-l-F , at Zone
7 with the Ml projectile. The computed peak pressure and muzzle velocity for

these conditions are 46200 psi and 1603 ft/sec., respectively.

OUTPUT SELECTION - IDEBUG

IDEBUG A logical variable array with a dimension of 35
that is used to spec ify which output is to be dis-
played for a given computer run. If IDEBUG(K) is

TRUE, the Kth block of output will be displayed (see
B. OUTPUT).

OUTPUT CONTROL - NAMELIST MØDS

MØDCH The number of time step intervals between normal data

printouts. A value of 100 has proved satisfactory for

most computer runs where a fairly detailed history of

all flow parameters is desired.
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MODCR The number of I intervals between print locations .

A value of 4 w i ll resul t in data prin tout for I =

1, 4, 8, 12, 16, and 20, for all values of J.

- 

.. CHAMBER INPUTS - NAMEL IST CI~INP

AOBP The co-volume curve fit coefficients for black powder,
• A1BP

A2BP for the equation of state

A3BP Ib(f r _~~ ) R T

where the co_volume~~ in units of in
3/ lbm , is given

by 3
, 4o  * A s p  + ÷ Asp

The values used for these terms are :
AOBP = 15.0 in3/lbm
A1BP = 0.0

A2BP = 0.0

A3BP = 0.0

AOMP The co-volume curve- fit coefficients for multiperf

propellan t for the equation of state given above. The

A3MP val ues generated by the BLAKE code for special lot F
are :

AOMP = 33.579 in3/ lbm
A1MP = -26.083

A2MP = 20.755

A3MP = -20.30l

AOSP The co-volume curve fit coefficients for single perf

propellan t for the equa tion of state given above . The
A3SP values generated by the BLA KE code for propellant lOt

68108 are:

AOSP = 34.192 in3/lbm
A1SP = -25.578
A2SP = 16.500

A3SP = -16.214
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AGEN , The “A” term in the propellant burning rate equation
AGEN2 

(AT. ÷ a) p -
~~ C T.

In this expression , p is in psi , T0 in °R, and i~ is in
in/sec . AGEN is input fc~ the multi-perf reference

propellant and AGEN2 for the single-perf reference

propellant. Temperature dependence was not used for

Ml propellan t, and this term was set equal to zero.

AGENBP Pressure coefficient for black powder burn rate. This

term was also set equal to 0.744.

ALPHA The thermal diffusivity of the propellant. This

quantity is assumed not to differ significantly bet-

ween the various propellants. A value of 1.0 x 10 6

ft2/sec was assumed for the checkout calculations.

ALPHBP The thermal diffusivity for black powder. This quan-

tity is assumed to be 1.0 x io 6 ft2/sec, the same as
for Ml propellan t .

BETA A parameter that is required to maintain a stable
finite difference solution to the differential equa-

tions of fluid motion . A value of 0.5 is known to work
satisfactorily ,  but values up to 1.0 may work under
certain conditions. BETA is directly proportional to
the time interval between calculations and therefore

inversely proportional to the machine time required

for the calculation .

BGEN The “B” term in the propellant burning rate equation
BGEN2 

(see AGEN). A value of 0.280 x lO
_2 

was generated by

closed bomb tests for BGEN , the mul tiperf propellant,
and 0.214 x io

_2 
was assumed for BGEN2, the single perf

propellant .

BGENBP Constant value for black powder burn rate. This term

was set equal to 0.0.
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1

BØRED Average barrel diameter, taking lands and grooves

of the rifl ing into account, = 4.168 in.

BPDENS Black powder granule density , = 1.75 gm/cc.

BO Coefficients to regression equation that expresses

bed density in terms of physical grain parameters ,

B3 8o .t 81 )cjo ÷ 8Z 00 + 83 d. + 64~ 1per1
B4

The values for these coefficients have yet to be

evaluated and are set to zero, excep t BO , which is
set equal to 45.0.

BPRADO In itial effective radius of black powder granules
assuming a spherical conf iguration , = 0.03 in.

CA Flow coefficient for igniter tube and “pseudo” holes ,=
0.8.

CGEN The “C” term in the burning rate equation (see AGEN),
CGEN 2 set equal to zero - for Ml propellant because of inadequate

temperature dependency information .

CHAM2 Logical variable set .TRUE, when the chamber grid
matrix consists of two parallel one-dimensional net-

works . Otherwise , it is set .FALSE. For 105mm how~tzer
this is normally set .TRUE.

CHAM3 Logical variable set .TRUE. when the chamber grid
matrix consists of three parallel one-dimensional net—

works. Otherwise it is set . FALSE . Normally set
FALSE for 105mm howitzer simulations.

CHWT2( ) Array of propellant charge weight for each of the 7

zones of the M67 charge, set equal to 0.5175, 0.0875,

0.168, 0.231, 0.323, 0.538, and 0.880.

Cl Constants in Sutherland ’s equation for viscosity in
C2 ibm/ft-sec . Cl = 0.7535 x 10

6
; C2 = 262.5.
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C3 Constants in Sutherland ’s equation for thermal conduc-
C4 tivity in Btu/ft-sec-°R. C3 = 0.291 x l0 6; C4 =

170.1.

DIAMBT Inside diameter of the igniter tube, equal to 0.387 in.

DIAM1 Chamber dimensions as defined by the following sketch:
DIAM2 — D!51 -

DIS1 

.

DIAIvI1 = 4.178

DIAM2 = 4.178

DIS1 = 11 .16

DI0 Multi-perf p ropellant grain minor or perforation diameter ,
equal to 0.0220 in. for Ml propellant, lot F.

D102 Single-perf propellant grain minor or perforation dia-

meter , equal to 0.0187 in. for Ml propellant lot 681-08.

DIFFPR Differential pressure required to-cause the primer tube
liner to fai l, assumed equal to 1000 psi.

DIR1 Perforation diameter for ntulti-perf reference propellant,

assumed equal to 0.0220 in.

D1R2 Perforation diameter for single-perf reference pro-

pellant, assumed equal to 0.0198 in. • -

DØO Multi-perf propellant grain major or exterior diameter,

equal to 0.142 in. for Ml propellant lot F.

DØO2 Single-perf propellant grain major, or exterior diameter,

equal to 0.0467 in. for Ml propellant lot 68-108.

DØR1 Exterior diameter for multi-perf reference propellant,

assumed equal to 0.142 in.

DØR2 Exterior diameter for single-perf reference propellant,
assumed equal to 0.0467 in.
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EXPBP Black powder burn rate pressure exponent, = 0.24.

GAMBP Values of I . B. GAMMA as generated by the BLAKE code 
-

for black powder , multiperf propellant , and single
perf propellan t, respectively . The value for black

powder was estimated at 1 .08 from closed bomb data
while the BLAKE code generated values of 1.257 for the

multiperf propellant lot F and l.2~ l for the single-

perf propellant lot 68-108.

HBP Heat of combustion of black powder, assumed equal to

1375 Btu/lbm.

HMAX An approximate estimate of the maximum enthalpy to

be encountered. This is used with BETA to determine

a stable time interva l for calculation . A value of
1500 Btu/lbm is good for the expected range of calcula-

tions.

HMB The energy added by burn ing propellant . HMB represents
HMB2 

the mul tiperf propellant, 1586 Btu/lbm for lot F,
and HMB2 represents the single perf propellant, 1531
Btu/lbm for lot 68-108. These values were generated

by dividing the BLAKE code generated output parameters

of impetus (ft -lbf/lbm) by [(I.B. GAMMA - 1.0) times

778 (ft-lbm/Btu]. The actual numbers were selected 
-

from equil ibrium calculations for these propellants
at 45000 psi, close to the peak pressure generated

experi mentally by lot F.

NGR Number of radial grids in the chamber matrix. This

number must coincide with the matrix selected by CHAM2 ,
or CHAM3. Currently, this number can be 3. Set at

2 or 3, with 2 being used normally.

NGX Number of axial grids in the chamber matrix. This

number cannot exceed 59, which is one less than the
number currently allocated the variables in common

storage. 8 grids were used in the standard run.
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.1
NHØLES Array giving the number of holes in a circumferential

row on the igni ter tube, a row being def ined as all
the holes with the same axial posi tion on the tube . 

-

The M28 primer tube has 2 holes at each axial position

and NHØLES is filled with 22 * 2, 63 * 0, to fill up

the entire array of 85 potential rows.

NPERF Number of perforations in the multi-perf grains of the
main charge. The Ml propellant used in the 105mm

howitzer has 7 perforations.

NPERF2 Number of perforations in the single-perf grains, equal
to 1.

NRØWH Number of rows of holes in the igniter tube , equal to -

22 for the 105mm howitzer .

PEXP Pressure exponent to the propellant burn rate equation
PEXP2 

(see AGEN) with PEXP equal to 0.715 for lot F as

generated by a closed bomb test and PEXP 2 assumed
equal to 0.71 for lot 68-108.

P0 Ini tial pressure , - 14.7 psi.

RADHØL Igniter tube hole radius array, equal to 0. 1875 in.

for the M28 primer tubes. The entire array is filled

oy 22 * 0.065, 63 * 0.0.

RF1 Relative force for multi-perf (1) and single-perf pro-
RF2 pellan ts (2) , assumed equal to 1.0 for the standard run.

RHØP Grain density of Ml propellant where RHOP designates

the Lot F multi-perf propellant equal to 97.7 ibm/ft3

for lot 68-108 and RI-10P2, single-perf, equal to 97.5

lbm/ft3.

RHØP1R Reference propellant density, RHØP1R representing multi-
RH0P2R perf propellant and RHØP2R single-perf propellant , equal

to 97.7 and 97.5 lbm/ft3 respectively.
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RQ1 Relative quickness for multi-perf (1) and single-perf
RQ2 (2) propellants , assumed equal to 1.0.

TF Time extent of the calculation. This provides an

alternate method to terminate a computer run. A value

of 0.05 sec. is sufficient for most runs.

TIGN Propellant grain surface temperature at which ignition

occurs, assumed ~~~800°R for Ml propellant.

TIGNBP Ignition temperature for black powder, assumed equal
to llOO°R.

TW Initial temperature of gun surface, equal to 535°R.

TO Initial temperature of the gas and propellant grains,

535°R.

U0 Initial gas velocity in the axial direction, equal to
0.0 ft/sec.

WMBP Values for molecular weight of combusted black powder,

multiperf propellant and single-perf propellant , res-

pectively. The following values were assigned to

these terms :

WMBP = 75 (estimated from closed bomb data)

WMMP = 22.33 (BLAKE code for lot F)

WMSP = 21.97 (BLAKE code for lot 68-108)

XCL Array that specifies the axial position of M28 primer

tube holes with respect to the breech. It is specified

as the location of the first hole and the distance

between adjacent holes. The program inputs are XCL =

1.535, 21 * 0.375, 63 * 0.0 for the 105mm howitzer,

with all distances given in inches.

XK Thermal conductivity of a grain of propellant, assumed

equal to 0.2 x lO~~ Btu/ft-sec-°R.

XKBP Thermal conductivity of black powder, assumed equal to

0.2 x lO~~ Btu/ft-sec-
’R.
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XLBEL Length of the primer tube, equal to 9.64 in.

XLO Average initial multi-perf propellant gra in length ,
equal to 0.318 in. for Ml propellant lot F.

XLO2 Average initial single-perf propellant grain length ,
equal to 0.199 in. for Ml propellant lot 68-108.

XLR 1 Average initial multi-perf reference propellant grain

length , equal to 0.318 in.

XLR2 Average initial single-perf reference propellant grain

length , equal to 0.199 in.

BLAC K PDWDER INPUTS - NAMELIST BPINP

BEGTC Axial position of the beginning of the black powder
primer charge, assumed equal to 0.0 in.

CHTC Black powder charge weight equal to 0.206 oz.

XLTC Length of the black powder primer charge, equal to
9.6 in.

BARREL INPUTS - NAMELIST BARINP

CF Coefficient of friction between projectile rotating

band and the barrel in theory but acts as a coefficient -

that links projectile acceleration forces to barrel
resistance . Assumed equal to zero.

P DMAX Equivalent reactive pressure experienced when the
rotating band is finished being engraved , assumed
equal to 0.0 psi (see sketch following page).

PINER Projectile moment of inertia - approximately equal to

0.0172 lb ft/sec2-ft.

PINT Intermediate resistive pressure (see sketch on following
page) assumed equal to 0.0 psi.
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PLØ Final resistive pressure (see sketch below) equal to

0.0 psi.

PMASS Projectile mass , equal to 33 lbs. for the Ml projectile.

PZO Initial or shot start pressure , assumed equa l to 1000
psi (see sketch below) .

RADPB Effective radius of the projectile cross-section upon
which the pressure acts, equal to 2.089 in.

W~B Width of the obturator, or rotating band, equal to

0.8 in. (see sketch below).

XINT Distance from the ori gin of rifl ing at which PINT
acts , assumed equal to 5.0 in. (see sketch below).

XLBAR Total effective length of the barrel equal to 78 in.

for the M2A2 105mm howitzer. This should be increased

to 82 in. to account for the total travel during

which the pressure force acts on the projectile.

XLØ Distance from the origin of rifling at which PLØ

acts , assumed equal to 20 in. (see sketch below).

ft 
-

POMAX

pzo~~~~~~~~ ::
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B. OUTPUT

The complete program output consists of several initial NAMELIST
and array printouts and the primary output from the grid matrix during the
run . The amount of output is regulated through the logical input array , IDEBUG
and the print frequency of many items is controlled by input MØDCH in NAMELIST
MØDS . This variable provides optional display of the following group s of
output :

IDEBUG (1) Printout of those quantities input to the program through
NAMELIST MODS.

(2) Printout of those quantities input to the program through

NAMELIST CHINP .

(3) Printout of initial porosity arrays , PHIBG and PHIBP.

(4) Printout of NAMELIST CHKIN which lists many converted quantities 
-

and computed parameters in the units that are used in the pro-

gram from subroutine CHSET.

(5) Printout of the IPATH array , that governs the logical flow
through the sequence of finite difference subroutines.

(6) Printout of chamber grid cross-sectional area arrays.

(7) Prin tout of those quantities input to the program through
NANELIST BARINP.

(8) Printout of NP,MELIST BARCHK which lists many converted quantities
and computed parameters in the units that are used in the pro-

gram for subroutine BARSET.

(9) Printout from subroutine BPFIR that states the time and indices

of a grid when the black powder in that grid becomes igni ted.

(10) Printout from subroutine PRPFIR that states time and grid indices

upon propellant ignition in that grid.

(11) Printout from subroutine PRPFIR that states time and grid
indices upon ignition of propellant under the influence of the
holes in the igniter tube.
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j - (12) Printout of the time interval number, IPRINT , and the revised

number of grids in the chamber, NGX , when subroutine NEWDX is
called.

(13) Printout of NAMELIST NEWCHK from subroutine NEWDX that displays

computational parameters that were changed as a result of

changing the grid size .

(14) Printout of the revised chamber grid area arrays, AREAG P,
AREAR , AREAC , and AREAG , from subroutine NEWDX after the grid
matrix size is reduced.

(15) Printout of all variables for the chamber grid matrix at time

intervals specified by MODCH and space ntervals specified by

MØDGR. A sample printout is shown at the end of Appendix C.

(16) Printout of NAMELIST DOT from subroutine UPDATE that includes
the arrays DOTMIG , DONBG , and TZR , shown at the end of Appen-
dix C.

(17) Printout from UPDATE of the time and time interval number at

which the multiple one-dimensional grid network was reduced to

a single one-dimensional network .

(18) Printout from UPDATE of variables from the chamber grid matrix

after it has been reduced to a one-dimensional network.

(19) Printout of all variables from the barrel grid matrix at time 
-

intervals specified by MØDCH. A sample printout is shown at

the end of Appendix C.

(20) Printout of statements regarding the masses of propellant and

gas that actually exist or were loaded into the system and those -

.that are computed by summing over all the grids in the system

and multiplier applied to the computed mass of gas to make the

computed mass equal the actual mass , printed from subroutine
UPDATE. A sample printout is shown at the end of Appendix C.
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(21) Printout from UPDATE of cumulative amount of propellant and

black powder burned in chamber and barrel and the revised gas
constants based on an average of black powder and propellant

properties according to the amount of each in the system at - -

time intervals regulated by MODCH . A sample printout is shown
at the end of Appendix C.

(22) Printout from UPDATE of pressure PCH (1,1) at intervals regulated
by MODCH. - .:

(23) Printout from subroutine MOTION of projectile motion variables
at intervals regulated by MØDCH and the time the projec tile
passes from the barrel.

(24) Printout from UPDATE of certain pressures in addition to pro-

jectile displacement and velocity and the time interval of the

printout. This occurs every ten intervals and is not regulated . -
-

by MØDCH. The items printed out do not have a heading but - -

occur as follows : - 

- - -

TIME , IPRINT , PCH(l,l), PCH(l ,2), PCH(NGX ,l) PCH(NGX ,2), PG(NX) ,

XP , VP.

(25)
to Not used at present .
(29)

(30) Printout from subroutine SPINIT of certain parameters pertaining

to ini tial black powder distribution calculations performed
in that subroutine .

(31) Printout from CHSET that gives initial amounts of propellant

and black powder in the system as calculated from porosity . - - -

(32) Printout from DETPHI that gives charge lengths, first and last - 

— -

grids containing propellant and other information used in deter- -

mining propellant porosities. -

(33) Printout from MOTION that gives FDPRIM, the projectile resistive
force , and the calculation interval energy 50th time interval . -
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( 34)  Pr intout of time and pressure (PCH( l ,2 ) )  in the region of  the
peak pressure.

(35) Not used at present.

The t i t le  blocks and sample printouts for several of the output
options are given below. The terms are defined in Appendix C. The units of

these terms f o l low the f o l lowing  rule:

- 
Velocity f t/ sec
Density ibm/ft

3

Enthalpy Btu/ lbm
Pressure lbf/ in 2

Propellant grain dimensions ft .
- . 3

- 
Propellant burning ibm/ft

Gas resistance psf/ft
2

- - Areas ft
Heat Flux - Btu/ ft 2-sec

- 
Temperatures °R

- - . 185
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