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Preface

In this work I have made an effort to model the complex

power-burning, chambered-gun internal ballistics process with

an artificial sequence of fundamental processes. Although I

was unable to obtain acceptable results from the model in the

time allotted for this work, I feel that the partial results

attained to date indicate that the model shows good promise.

At the very least I have learned a great deal about the gun

bus'ness, t'he application of engineering principles to

physical problems, the value and results of simplifying

assumptions, and th* frustrations involved in creating and

perfecting a lengthy and involved computer program.

I now take this opportunity to express my gratitude to

my thesis advisor, Dr. James Hitchcock, both for posing this

most challenging problem as well as for his knowledgable

advice on analyzing the gun problem. I am also grateful for

the timely suggestions made by the other gentlemen on my

thesis committee, Dr. Andrew Shine and Capt (Dr.) Stephen

Koob. And 1 thank my lovely wife Judy, whose patient under-

standing during this difficult time has been truly remarkable.

James F. Setchell
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Abstract

An attempt is made to model the internal ballistics

process of a powder-burning gun by replacing the kctua!

internal ballistics process with an incremental sequence of

phases. These phases are a constant-volume energy transfer

phase, a shell motion and finite-amplitude wave propagation

phase, a propellant motion phase, and a gas expansion and

mass transfer phase, The model permits consideration of a

chambered, powder-burning gun problem with unspecified

pressure, density, v-,locity, temperature, and propellant

distributions. The method of solution shows promise, but

useful results have not been attained to date.

viii
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AN ATTEMPT TO MODEL THE GUN

INTERNAL BALLISTICS PROBLEM

I. Introduction

Background

Gun internal ballistics is the study of the conversion

of latent chemical energy of a propellant to kinetic energy

of a projectile. It is only concerned with the period of

time that begins with propellant ignition and ends with the

projectile leaving the barrel. The primary purpose of a

gun internal ballistics study is to predict the gas property

and shell motion history of a gun.

The formal study of gun internal ballistics began during

the eighteenth century with the work of Benjamin Robins in

1742 and Count Joseph-Louis Lagrang6 in 1793. C. K. Thornhill

includes a summary of early gun internal ballistics work in,

"A New Special Solution to the Complete Problem of the

Internal Ballistics of Guns", and suggests that, since the

time of Robins and Lagrange, analyses of the gun problem

have generally followed one of three methods. The first

method involves a solution to the complete fluid dynamic

equations of f'ow using the theory of finite-amplitude waves

in gases. The second method involves a reduction of the

problem to the solution of ordinary differential equations.

Solutions employing this second method are known as "mixed

solutions", and do not involve the complete fluid dynamic

equations of flow. Solutions involving the third method are

1
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known as "special solutions". Such solutions do involve

tfie complete fluid dynamic equations of flow, are self-

similar in nature, and require that the initial conditions

be precisely those which insure se'ý-simillrity (Ref 7:1).

The conversion of chemical energy of the propellant to

kinetic energy cf the shell is a complex process, and an

exact analytical description of th4s process does not exist.

Every gun internal ballistics 3nalysis erdploys a number of

simplifying assumptions which reduce the problem .o a model

which can be more readily analyzed. In order to provide a

basis of comparison between the present work and other

studies the most coamonly-used assumptions found in other

gun ballistics studies will now be discussed.

One of the first simplifications applied to the gun

problem was that the propellant was completely burned before

the shell motion was permitted to begin. This assumption

was used by Robins and Lagrange in the eighteenth century,

then by Love and Pidduck during the early part of the

twentieth century (Ref 3:347), and finally in a more modern

work by Seigel (Ref 7). A 3econd assu:aption includes the

presence of burning propellant in the analysis, but requires

that the propellant velocity be the same as the gas velocity.

The %orki cf Baer and Hitchcock are examples of studies

which employ this assumption (Refs 1, 4, and S). A third

assumption is that the chamber may bs represented by an

"effective chamber" which has the same volume as the actual

chamber but a diameter equal to that of the bore, Seigel

S~2
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states that, the "effective chamber" assumption is invalid,

however, in that an analysis incorporating this assumption

neglects cer-ain significant compression effects which occur

as a result of the area change in the chamber (Ref 7:28).

A final assumption is that the gas density is only a function

of time. The works of Heiney (Ref 4:5) and Hitchcock

(Ref 5:4) illustrate that this assumption is a sufficient

condition for a linear gas velocity distribution.

Such assumptions as the ones discussed above do serve

to reduce the gun problem to a more ammenahle form, but in

doing so they tend to form models which deviate somewhat

from physical reality. One might well question the validity

of a model which represents a chambered, propellant-burning

gun with a non-chambered, non-propellant burning tube, yet

the results of many such simplified analyses agree quite

satisfactorily with experimental results (Refs 1, 2, 4, S,

6 and 7). Recently, however, evidence has appeared which

indicates that conventional theory is not always providing

acceptable results, particularly for power-burning guns with

muzzle velocities in exiess of 5000 feet per second (fps).

Baer points out that as muzzle velocities 4.acrease beyond

5000 fps conventional internal ballistic taeory is unable to

predict detailed gun performance (Ref I:S3S). Further,

Hitchcock noted an increased deviation between theory and

experiment for muzzle velocities in the 5500 - 6500 fps

range (Ref 5:25-26),

S~3
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The Present Work

The present work has two objectives. The 'irst is to

model the gun internal ballistics process in such a manner

as to be independent of the four commonly-used assumptions

described above. The second objective is to use the results

of this model to explain the deviations between theory and

experiment for high-speed guns noted by Baer and Hitchcock.

Section II is a two-part section devoted to a discussion

of the analytical modtl used in this work. The first part

contains a discussion of the fundamental assumptions used as

a basis for the model, while the second par: contains a word

description of the operation of the model. Stction III

contains the working equations, the derivation of these

equations, and a detailed list of the assumptions used in

Oeriving them. Section IV contains a discussion of the

results. The conclusion reached as a result of this work

and some recommendations for future work are contained in

Section V.

A Fortran Extended computer program was created to

perform the numerous storing, searching, and computatioaal

routines involved in the solution. Pertinent information

about the type of corputer used, storage requirements,

program run time, as well as a simplified logic diagram, a

-t program listing, and a sample output are contained in the

appendices. A brief glossary of teras peculiar to the gun

internal ballistics field is provided in A,pendix E.

4
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II. The Analytical Model

Fundamentai Assumptions

The aialytical model is based upon two fundamental

assumptions. The first is that for small but finite incre-

ments of time the actual internal ballistics process may be

represented by an artificial sequence of four separate

"phases". This sequence consists of a constant volume

energy transfer phase, a shell motion and wave propagation

phase, a propellant motion phase, and a gas expansion and

mass transfer phase. The implication of the assumption is

that for small but finite increments of time the net result

of this artificial sequence of phases is approximately the

same as if all the phases had occurred simultaneously. This

sequence bears a general resemblance to a thermodynamic

cycle in that a system is changed from an initial set of

conditions to a final set of conditions by an orderly

progression of events; for this reason an individual sequence

will hereafter be referred to as a "cycle".

The second fundamental assumption is that the column of

gas and propellant between the breech and the shell may be

represented by a fixed number of individual gas "subvolumes".

At any instant of time the gas properties within an individual

subvolume are considered to be constant. These property

values may, however, vary from one subvoluue to another.

Gas and propellant mass transfer may occur between subvolumes,

but ohly at separate and specified times during the cycle.

!S



GAM/ML/72-2

The purpose of these two assumptions is to simplify the

internal ballistics process into one that is more readily

analyzed. The first asst..nption separates the complex

internal ballistics process into more fundamental processes:

constant "olume combustion, one-dimensional motion and mass

transfer , and finite-amplitude wave propagation. The second

assumption simplifi-z t;•e analysis of the gas and propellant

column by separating it into a number of small constant-

property-value subvolumes. These subvolumes are then ana'yzed

using the theory of finite-amplitude waves in gases, a basic

energy equation, and simple equations of mass notion and mass

transfer.

Word Descritcion of the Model

Overall Physical Description. The diameter change from

the chamber to the bore normally occurs over a finite length

of the gun barrel. For this analysis this are;. change is

considered to occur at a single location. No other changes

in the physical description of the gun barrel are made. In

this work the region between the breech and the area-change

location will be referred to as the "chamber", while the

remainder of the gun barrel tiill be referred to as the "bore".

The projectile is initially positioned at the location

of the area change and the chamber is divided into a fixed

number of cylindrical segments. The axis of rotation of

each segment is the same ts the axis of rotation of the

chamber. All segments initially contain the saoe quantity

11• .
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of gas mass, the same number of propellant grains, and have

the same volume. Further, all segments initially have

identical gas property values.

The Ga' Subvolumes. The gas which occupies the avail-

able space between the boundaries of a single segment forms

the gas stibvolume. Gas subvolume properties change as a

result of expansion (wave propagation) and mass change.

Gas mass change oczurs as a result of mass transfer across

the gas boundaries and as a result of a propellsnt burn.

The Propellant Segments. The amount of mass released

by a given mass of burning propellant during a finite

increment of time is dependent upon the surface area of the

propellant, the relative flow of gas past the propellant,

and the pressure of the gas surrounding the propellant. In

order to account for the surface area of the p-opellant as

it burns, the number of propellant grains in iach propellant

segment is fixed at the initial value. Also, all grains

within a single propellant segment are considered to burn at

the same rate. Hence all the grains within a single propel.-

lant segment are kept identical with one another, and the

mass released by a single propellant segment during a single

burn time increment is simply the maEs released by a single

grain times the number of grains in the segment. Since the

number of grains in a single segment is fixed, it can be seen

that tho mass of propellant in a single segment can only

decrease. Location of the various propellant segments is

I ' A
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accomplished by fixing the length of each segment at the

original value.

There is no requirement that a propellant segment be

located entirely within a gas subvolume; therefore if a

single propellant segment happens to be located such that

its length is divided by a gas boundary the burning rate of

that segment should actually be influenced by the two differ-

ent velocities and pressures of the two subvolumes. When

this situation occurs the burning rate of the entire propel-

lant segment is determined by the average pressure and

relative velocity of the two subvoluues.

The Gas Boundaries. The gas boundaries have three

functions. The first is to serve as solid, fixed boundaries

during the constant-volume energy transfer phase of the

cycle. The second function is to act as planes of mass

transfer during the gas expansion and propellant-motion

phases of the cycle. The third function is to serve as

locations for the finite-amplitude waves which are used to

change the gas property values following an incremental shell

motion. If a wave travelling toward the breech is designated

an "upsteam" (against the -las flow) wave and a wave trav-

elling toward the shell is designated a "downstream" wave,

then it can be seen chut there will be four possible types

of waves: an upstream expansion wave, an upstream compression

wave, a downstream expansion wave, and a downstream compres-

sion wave. Gas properties are changed whenever one of these

waves travels across a gas subvoluse. Since the gas

S8a
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properties within each subvolume are required to be constant

at any instant of time, a wave is not permitted to be

located between two gas boundaries. A wave is propagated to

the next boundary only if it is determined that there is

sufficient time remaining in the time increment for this

motion to occur. If the wave cannot cross at least half-way

across the subvolume it is fixed at its current location.

Gas Subvolume Containing the Area Change. The gas sub-

volume which contains the area change from the chamber to

the bore is an exception to the normal constant-diameter gas

subvolumes, and is therefore treated somewhat differently.

A "property discontinuity" is considered to exist at the

location of the area change, and the gas property values on

the chamber side of the subvolume are not necessaril, the

same as the gas property values on the bore side. Further,

unlike other subvolumes, internal gas mass transfer does

occur from the chamber side to the bore side. This piocess

is described in tht Word Description of the Model Operation

section below.

Word Description of the Model Operation. In order to

illustrate the operation of the model as well as clarify the

functions of the previously-described features a brief

description of a typical cycle will now be given.

The first phase of the cycle is the constant-volume

energy transfer phase. All motion is frozen, then each

propellant s'gaent is burned for a single time increment.

This bLrning process changes the pressure, density,

9



GAM/ME/72-2

temperature, and gas volume in each subvolume. The mass of

each propellant segment is, of course, reduced. After this

iacrement of burning is completed and the appropriate adjust-

ments have been made in the subvolume property values the

cycle proceeds to the second phase.

The second phase is the projectile motion and wave

propagation phase. The average of the pressure before the

burn and the pressure aftsr the burn in the subvolume adjacent
to the projectilo is considered to act upon the shell for one

time increment. This force changes the projectile accelera-

tion and velocity and moves the shell to a new location.

The change in projectile velocity is considered to be impul-

sive and to generate a finite expansion wave which, later

F in the cycle, will propagate toward the breech. The model
3

first propagates expansion waves from earlier projectile

motion, then procedes zo other types of waves which may be

present, including the recently-generated expansion wave

from the current projectile motion. If a compression wave

"catches up" with another wave of like kind and direction

the wave strengths are combined prior to further propagation.

Different type5 of waves or like waves travelling in opposite

directions are not combined. Waves which encounter the

projectile or breech are reflected in like kind, and a wave

which crosses the gas subvolume containing the area change is

reflected as two waves of appropriate str.tngth and direction

(Ref 7:28). When all present waves have been propagated as

10
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far as possible during a single time increment the cyc-1e

proceeds to the third phase.

The third phase of tho cycle is the prDpellant motion

phase. The pressure drop across the length of the segment

is determined, then an estimated drag coefficient and an

estimated effective area are used in z simplified equation of

motion to determine the new velocity and position of the

propellant segment. When all the segments have been moved

the cycle proceeds to the fourth and final phase.

The last phase of the cycle is the gas expansion and

mass transfer phase. The net effect of each wave that has

crossed a ingle gas bou'ndary is used to determine the new

velocity of that boundary. Once the new velocity is deter-

mined the boundary is moved at that velocity for a single

time increment. The boundary velocity, barrel cross-

sectional area, and the gas density of the next downstream

subvolume are used to determine the gas wzss transfer across

the boundary during this notion. After a'l boundaries have

been relocated the total propellant maas within each sub-

volume is redetermined. With the su l volume pressure held at

the value determined during the wave propagation phase, the

remainder of the gas property vilues are then determined from

an equation of state. This final property determination

marks the end of the cycle.

The cycle just described is repeated until it is deter-

Amined that the projectile pos. !on exceeds the length of the

barrel, at which time the analysis ends. Provisions are made
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in the m.odel to cleck for propellant burn-out prior to

projectile exit in order that the prsopellant-burning and

motion parts of the cycle may be deleted. Figure I illus-

trates the physical appearance of tNe model prior to

projectile motion and at some later time.

12
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III. Analysis

Analytical Assumptions

The two fundamental assumptions which form the basis for

the analytical model have been previously discussed in the

first part of Section II. The following analytical assm.ap-

tions have also been used:

(a) All motion is one-dimensional.

(b) Propellant burning takes pl&ce under constant-

volame conditions.

(c) The propellant burning rate is a function of gas

pressure and relative gas-to-propellant velocity.

(d) The propellant grains burn uniformly over their

entire surface.

(e) The gas obeys the Nobel-Abel equation of stat3 with

a constant covolume.

(f) The gas has a constant ratio of specific heats.

(g) The gas subvoluwe boundaries are adiabatic.

(h) The drag coefficient for the propellant segments is

constant.

(i) The drag on the projectile coasists of a variable

aerodynamic drag and a constant friction drag.

(j) The diameter change from the chamber to the bore

occurs at a single location.

(k) A normal shock forms ahead of the projectile as

soon as the projectile notior begins.

14
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(1) The presence of the propellant exerts no influence

on the wave propagation process.

The following are considered to be negligible:

(a) Heat transfer to the gun walls and to the projectile.

(b) Friction losses between the gas and the gun walls.

(c) Friction losses between the propellant and the gun

walls.

(d) Drag due to projectile rotstion (..fling drag).

(e) Losses due to propellant gas leaking past the

projectile.

(f) The pressure gradient between the front of the

projectile and the downstream side of the normal

shock.

(g) Effects due to gun recoil.

(h) Effects due to variations in the initial temperature

of the propellant.

The Working Equations

The Energy Equation. The first law cf thermodynamics

for a constant volume subvolume with no mass flow is

Q - AU (1)

where, for the constant volume adiabatic combustion used in

this work

q F (fief 3:175) (2)

and

i5
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Au m C AT (3)

where Yg 9 propellant gas ratio Of specific heats
For the gun problem

Cv Y - (Ref 8:126) (4)

Since F, the "force constant" is defined as

F =- R gTs ISO

Eq (1) becomes

Rg iso (
Yg - I Y1 - 1 (6)

For a finite quantity of Eqs (2) and (3) may be expressed

I soQ2 gis AM
Y8 9

RAU- I ( f -(MTi) (8)

where Mf w final mass of gas

M.i 0 initial mass of gas

T f - final gas temperature

4 Ti initial gas temperature

Equating (7) and (8)

R T. R(13 0i (M T ii
fg -f 1 • " = (MM T(9)

16
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Tf T~ 1 + ~*~* T. (10)Tf =is M M f

Equation of State. The equation of state used is the

"Nobel-Abel" equation of state with a constant covolume

P(V - Mb) M MR T (11)g

where b = covolume

Mass Change Due to Propellant Burn. The change in mass

fur a single pro nellant segment during a single time increment

is

AM = -AM . = -(CArP )( P)N p) (12)

where A\V = change in a single grain volume

pn propellant density

N p= numrber" of' grains per seg~ment

M P = propellant mass

it = gas lmass

The propt-llant burn rate is taken to be

where =propellant burn rate (length/tinme)
= burn rate at 1000 psia and vr = 0

P = gas pressure

n = burn rate exponent

K = erosive burn constant
C

v = relative gas-to-propellant velocity
r

17
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The volume change of a single grain is

AV - I(ARp) - (ApRp)'I (14)

where A a grain surface area
P

R - grain radius
P

f)' value after proe-iehnt burn

The absolute value in Eq (14) is necessary because some

grains are designed such that the surface area increases

during the initial burn process. The surface area vs. grain

raeius for the particular problem studied was obtained from

tabular data (Ref S:38-41). Equations (12), (13), and (14)

are used to determine M. vs. ._ in Eq (10).

Wave Propagation. The pressure change induced by a

finite-amplitude wave of strength AV is given by

4P a -pa(Av) (Ref 7:10-12) (15)

where AP - finite pressure change

p - gas density ahead of wave

a sonic velocity ahead of wave

Av - finite velocity change

Wave velocity is given Ity

Vw a t v (Ref 7;11) (16)

where vw a wave velocity

v a gas velocity
g
a • gas sonic velocity
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As mentioned previously in Section II, a wave which encounters

the gas subvolume containing the chamber-bore area change is

split into two waves. For example, a bore-side upstream-

travelling expansion wave is split into a compression wave

which travels back toward the shell and an expansion wave

which continues on toward the breech. The strengths and

directinns of the split waves are determined in the following

mannner.

Consider an upstream-travelling rarefraction (expansion)

%ave AvI which has just reached the bore side of the gas

subvnlume containing the chamber-bore area change (Fig. 2a).

The change in pressure on the bore side of the subvolume is

determined with Eq (15)

IP = a baAvI

where pb a bore-side density

ab - bore-side sonic velocity

The wave is advanced to the point of area changt and the new

bore-side pressure and velocity values are determined

(Fig. 2b)

Pbi P b + API (17)

V b Vb + AV1 (18)

The decreased pressure on the bore side induces as increased

mass flow from the chamber side. The amount of mass

19
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transferred from the chamber side to the bore side is

AMI - PchAb~b (6t) (19)

where p ch chamber side density

Ab a bore side area

At a time increment

The amount of gas mass on the bore side is therefore

increased by an amount ANI while the gas mass on the chamber

side is dscreased by the same amount (Fig. 2c). If tempera-

ture is assumed to be constant during this process the new

bore-side pressure becomes

P H(Mb + AM1 )R Tb (20)
Pb2 • Vb -- b (Mb + AMI)| 20

while the new chamber-side pressure is

(Mb - AMI)R T

c 1  [Vc - b(M c - am 1.p (1

where T, x bore-side temperature

T • achamber-side temperature

it can be seen from Eqs (20) and (21) that P will be

greater than P (but still less than Pb) while P will be

less than P c Hence tht net effect is to produce a downslream-

travelling compression wave of strength AP.2 = Pb - Pb

(positive) at Aa (Fig. 2a) and an upstream-travelling expan-

sion rave of strength AP - P c P (negative) at B in

21
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in Fig. Id. A similar analysis holds for the other types

of waves.

Propellant Segment Motion. Propellant segment motion

is determined from a simplified equation of motion. It is

gssumed that the sum of the forces Efp acting on a single

propellant segment for a single time increment is

Ef a (AP)A + D (22)

p • p

whera AP a pressure difference across the segment length

1 a estimated "effective area"

Dp 0 estimated aerodynamic drag

The estimated effective area of the segment is taken to be

V
A (23)

p

where V * volume of the propellant segment

L P fixed length of the propellant segment

The estimated aerodynamic drag on the propellant segment is

taken to be

DO 1/2 gv 2AeCd (24)

where Pg 9 vgas density

v. relative velocity of gas past the propellart

Cd a estimated drag coefficient (constant)

If the acceleration of the seguant a is approximated by

22
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AV
a u--R. (25)p At

then Newton's second law applied to the propellant segment is

-(AP)A + 1/2 PgV~tC C AV (26)

where a W propellant segment mass

v - propellant segment velocity

vPr a relative velocity of gas past propellant

(assumed to be positive at all times)

I If Av is taken to be;- p

-A v ' -v (-27)
SP P p

w here v P' the velocity at the end of At

vp the velocity at the beginning of At

then Eq (26) may be solved for v p

V V At [(AP)Ae * 1/2 pgv2AeCd] (28)
p p ag

Aerodynamic Drag. The aerodynamic drag pressure Pd

exerted on the projectile on the muzzlo side of t.he projectile

is given by

P d = al 2a A, 2a

t((Ya Y ) 4J (Ref S:44) (29)
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where Pd - aerodynamic drag pressure

P a ambient (upstream of shock) pressure

Ya ambient ratio of specific heats

v - projectile velocitypr

a - ambient sonic velocity

Projectile Equation of Motion. The equation of motion

fpr the projectile is taken to be

(Ppr P" P ad)Ab a (M pr)(apr) (30)

where P r = pressure on the breech side of the projectile

Pf - estimated constant friction pressure
Pad - aerodynamic drag pressure

pr w projectile mass

pr projectile acceleration

24
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IV. Discussion of Results

Of the two objectives stated in the introduction to

this work only the first has been net, and that with extremely

limited results. The model has performed acceptably for only

one complete cycle following the initial motion of the shell.

Results obtained from the second cycle indicate that the model

is failing to combine gas and propellant motion in such a

manner as to obtain a realistic pressure distribution.

Specifically, an unrealistscal~y low pressure in the gas

subvolume adjacent to the shell is established early during

the second cycle. This low pressure in turn sets up wave

reflections from the chamber subvolume with ur.realistically

high velocity strength values. These erroneous waves are

then propagated for the remainder of the time increnent,

and the resulting model bears little resemblance to the

actual physical situation. The excessively low pressure is

a direct result of the separation of gas notion fron propel-

lant motion. The sudden expansion of the subvolume adjacent

to the shell caused by the shell motion increases the voltime

available to the gas in that subvolume. Because there is no

motion of propellant into thILL subvolume at that point in

the cycle, the space that should be occupied by some portion

of propellant mass is not; hencc the gas expands to fill an

unrealistically large volume and the press$re drops.

25
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V. Conclusion and Recommendatioiis

Conclusion

The conclusion reached as a result of the work to date

The basic model concept shows promise, but at

present the model is failing to realistically represent the

combined flow of gas and propellant.

Recommendations

The following recommendations are made concerning this

analysis:

.I The basic model concept should be revised to

realistically represent the combined flow of gas and propel-

lant in order to preserve a realistic pressure gradient.

2. The propellant segment drag coefficient should be

computed from Reynold's number considerations instead of

the present constant value.

3. A more accurate representation of the shell sliding

friction should be attempted.

4. An allowance for energy loss due to heat transfer

should be introduced.

S. Propellant burning rate values should be obtained

from tabular data rather than tbo conventional pressure and

erosive burn scheme used in this work.

26



GAM/ME/72-2

Bibliography

1. Baer, P. G. "Prediction of High Velocity Solid Propellant
Gun Performance by Gas Dynamic Computer Program."
Ballistic Research Laboratories Report, Aberdeen Proving
Ground, Maryland. 1970.

2, Baer, P. G. "A Mass Point Computer Program for the Gas
Dynamic Problems of ligh Velocity Interior Ballistics."
Unpublished report by the Ballistic Research Laboratories,
Aberdeen Proving Ground, Mar/land. Undated.

3. Corner, J. Theory of the Interior Ballistics of Guns.
New York: Johr Wiley and Sons, Inc. 1950.

4. Heiney, D. K. "Simplified Interior Ballistics of Closed
Breech Guns." AFATL-TR-67-42. Air Forci Armament
Laboratory Report, Eglin Air Force Base, Florida.
April 1967.

S. Hitchcock, J. E. "Gun Interior Ballistics." AFRPL-TR-69-211.
Air Force Rocket Propulsion Laboratory Report, Edwards Air
Force Base, California. September 1969.

6. Seigel, A. E. "The Theory of High Speed Guns." NATO
Agardograph 91. North Atlantic Treaty Organization
Advisory Group for Aerospace Research and Development,
United States Naval Ordnance Laboratory, White Oak,
Silver Spring, Maryland. May 1965.

7. Thornhill, C. K. "A New Special Solution to the Complete
Problem of the Internal Ballistics of Guns." RARDE Report
2167. Royal Armament Research and Development Establish-
ment, Fort Halstead, Kent, England. February 1967.

27



GAM/ME/72-2

Appendix A

Computer Program Features and Requirements
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Computer Program Featires

Debug Mode of Operation. A self-debugging feature is

built into the program to enable automatic debugging during

future program modifications. The self-debugging feature

Vs activated by replacing the "FTN." control card at the

beginning of the deck with an "FTN(D)" control card, and

increasing the menory requirement by 12K. The debug feature

causes the following to occur automatically:

a. Automatic bounds check on all arrays.

b. Printout of certain key program variables
values whenever these value, change, along
with the program location of the change.

Logic tracing is available by adding a

C$ TRACE
col: 12 7

card immediately after the "C$ DEBUG" card in the deck.

Further information on the debug mode of operation is con-

tained in Chapter 11 of the Control Data 6400j6500/6600

Computer Syrtems Fortran Extended Reference Manual.

Solution of the Preburned Propellant Problem. The pre-

burned propellant problem may be considered with this

program by:

a. Entering all propellant data as if the
propellant were going to be burned.

b. Setting the valie of the "variable "NOCH" to
"2" on the appropriate dnta card.
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Cornuter Progrsm Requirements.

Language: Fertran Extended.
Computer: Control Data 6600 (Digital).
Storage 36K (Binary)

4SK (Compile/no debug)
60K (Debug)

Run time: Undetermined.

I
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Appendi: B

Computer ?~rograu Symbols
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Computer Program Symbol3

NOTE: The term "bore-side" refors to the bore side of the
subvolume containing the chamber-bore area change.
"Chamber-side" refers to the cnamber side of the same
subvalume.

Symbol Definition

A Area

ADP Aerodynamic drag pressure

AGRO Average gas density

AGV Average gas velocity

Al Multipurpose variable

BA Bore area

BBD Bore diameter (input)

BETA Pressure burn coefficient (input)

BG&AS Bore-side gas mass

BP Bore-side pressure

BRO Bore-side gas density

BT Bore-side temperature

BURNA Propellant burn area (tabular input)

BV Bore-side gas velociti

BXP Pressure burn exponent (input)

CA Chamber area

CD Propellant drag coefficient (input)

CGMAS Chamber-side gas mass

CHD Chamber diameter (input)

CHL Chamber length (input)

CHRO . Chamber-side gas density
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[Symbol Definition

CHV Chamber-side gas velocity

CL Fixed length of propellant segmentvi

CHAS Propellant segment mass

CMASS Total propellant mass in subvolume (output only)

CHIG Igniter charge mass (input)

COVOL Covolume (input)

CP Chamber-side pressure

CRO Propellant density (input)

CT Chamber-side temperature

CV Propellant segment velocity

CX Propellant segment position

DCM Mass Change due to burn

DIST Distance (various uses)

DM Incremental mass change (various uses)

DMC Center section of DCM for KTYP u 10 and
KTYP = 11 (Ref to Fig. 3).

DML Left side of DCM (Refer to Fig. 3).

DMR Right side of DCM (Kofer to Fig. 3).

DP Pressure change

DT Time increment

DV Velocity change

DVB Bore-side velocity change

DVC Chamber-side velocity change

DVSUM Sup. of velocity changes at an individual gas
boundary

EBK Erosive burn constant (input)

F Cur constant (also known as "force constant")
(input)
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Symbol Definition

FP Friction pressure (input)

GAMA Ambie"t ratio of specific heats (input)

GAMG Propellant gas ratio of specific heats (input)

GMAS Subvolume gas mass

GNMAS Initial propellant grain mass (input)

GNS Number of grains per propellant segment

GRAD Grain burn radius (tabular input)

GUNL Gun barrel length (input)

I Counter (various uses)

IB Bore gas boundary reference

ID Program sec:ion identifier

IS Stored gas boundary value

IWA "Is wave available for propagation" indicator

IWA a 0 Wave present and ready for
propagation

IWA - I No wave present
IWA a 2 Wave present but already

propagated during this time
increment

IX Index (used during wave propagation)

Wave type: J a 1 Upstream expansion
J a 2 Downstream expansion
J a 3 Upstream compression
J a 4 Downstream compression

JB Bore-side wave type

*JC Chamber-side wave type

JS Stored wave type value

K Counter (various uses)
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Symbol Definition

KCHW Index: KCHW - 0 Wave is not chamber
reflection

KCHW = I Wave is chamber
reflection from area
change subvolume

KCHW v 2 Wave is bore reflection
from area change
subvolume

KTYP Type of propellant segment (Refer to Fig. 3)

L Counter (various uses)

LTYP Index: LTYP a 0 Propellant segment
within subvolume

LTYP 1 I Propellant segment
divided by upstream
gas boundary

H Counter (vas.ious uses)

N Propellant segment counter

NB Number of gas boundaries (input)

NOCH Index: NOCH w 0 Propellant segment
present (input) Iin
subvolume

NOCH - 1 Propellant segment not
present in subvolunte

NOCH a 2 No propellant in gur

NTAB Number of tabular entries in the grain surface
area (input) vs burn distsnce table

OBP Bore-side pressure before incremental burn

OCP Chamber-side pressure before incremental burn

OP Normal sqbvolume pressure before incremental
burn

ORAD Grain ourn radius before incremental burn

OSHV Shell velocity at beginning of time increment

OSURFA Grain surface area before incremental burn

P Subvoluse gas pressure

PA Ambient pressure (Input)
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Symbol Definition

PDIF Pressure difference across a single propellant
segment leiagth

POS Position (used in output)

PRES Pressure (various uses)

PS11OT Shell start pressure (also known as shot start
pressure) (input)

PSTOR Stored pressure value

R Current grain burn radius

RDOT Grain burn rate

RG Propellant gas constant

RO Subvolume gas density

ROA Ambient gas aensity (input)

ROW Density (used in output)

SIHA Shell acceleration

SHM Shell mass (input)

SHV Shell velocity

SliX Shell position

SURFA Grain surface area atcer incremental burn

SV Gas subvolume sonic velocity

SVA Ambient sonic velocity

SVK Computational constant

T Subvolume gas temperature

TA Ambient temperature (input)

TAC Time available to chamber-bore area change
reflections

TAV Time available (various uses)

TCMAS. Total propellant mass in subvolume
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Symbol Definition

TCMASB Total bore-side propellant mass

TCMASC Total chamber-side propellant mass

TEMP Temperature (used in output)

TIME Time expired

TISO Isochoric flame temperature (input)

TOTCM Total propellint mass (input)

TTC Time to cross subvolume (used in wave
propagation)

TYPGUN Type of gun being analyzed (input)

TYPROP Type of propellant (input)

V Subvolume gas veiocity

VEL Velocity Lused in output)

VOL Volume (various uses)

W Stored value of wave strength

WDIST Distance (various uses)

WV Wave velocity

x Gas boundary position

XMR Propellant mass ratio (before burn vs after
burn)

XNB Same as NB

XRAD Grain burn radius
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Appendix C

Simplified Computer ?rogram

Logic Diagram
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Simplified Csputer Prorgram LogiC pilram

INITIALIZATION SECTION

READ INPUSTPRINT INPUT

I I N ITIALZE1
CHAMBER
SECTIONI VARIABLES

EL

GO n TO "A" I S P PSIIOT?
SHELL
MOTION / -
SECTI Oli INITI;AtLIZE

ALL TO 11A"SEGMENTS i 3P-LLANT
TO PSHOT RNCTIN
CONDITIONS C

GO TO "Aft
SHELL
MOTION

SECTION I
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PROPELLANT BURN SECTION

Ai

GO TO "A" GO TO "A"
SHELL PROPELLANTMOTION LOCATOR

SECTION SECTION

RETURN
FROM
PROPELLANT
LOCATOR

SECTION
T

BURN PROPELLANT ADVANCE

PROPELLANT SEGMENT ' TO NEXT
SEGMENT PRESENT Ih SUEVOLUME

SUB VOLUMEL__jr

COMPUTE NEW
TEMP , GMAS
CMAS, RO, P
VALUES

GO 'O "A" HADVANCESHELL PROPELLANT TO NEXTMOTION SEGMENTS PROPELLANT

SECTION BEEN SEGMENT

I SUELL "ME

PROPAGATE
PRESSURE

A PULSE FOR
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SHELL MOTION SECTION

A
DETERMINE
AVERAGE
PRESSURE
ACTING ON
SHELL

DETERMINE
NEW SilX,
SHV, SHA
VA LU ES

DETERMINEI 
S OP!EXPANSION• POSITION ---

W•AVE iUL

STRENGTH

GO TO ttA$O____W WAVE"PROPAGATION

SECTION
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WAVE PROPAGATION SECTION

JA

BEGIN WITH

HAVE ALL X(I) ISWAVE PRESENTHERE
• BEEN CHECKED Y TIME TO

\ FOR CURRENT J? J"J+l CROSS
--_-_______.___• •_ \sVO~LUME?

N4EXT TIE TOR
ADVA CE TIS THER

"GO TO "A" CROSS "
PROPELLANT HALF-IAY?
MOTION , HL A

l l ~~SECTION -- 'STNDOES NEXT

I SUBVOLUX E

CONTAIN
CAMBER-BORE .
AREA /C C
CHAIGE7 J

CROSS TO GO TO "A" ,
NEXT CHAMBER WAVE

&ESECTIONF•OUNDARY RELECTION

CHANGE
PRESSURE
AND
VELOCITY

IREFLECT WAVE /I S W A VE ATA

DSHELL?
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CHAMBER WAVE REFLECTION SECTION

DETERMINE
STRENGTHS
OF EACE1
WLAVRF

PROPAGATE
Ci AMBEk-SIDE
WAVE

PROPAGATE
BORE-SIDE
WAVE

!PROPAGATION1
SE~CTION

i
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PROPELLANT MOTION SECTION

A

t!I
0 To

PROPELLANT]

LOCATOR
SECTION

DETERM ýHE

NEW CV,
CX VALUES

ADVANCETo HAVE AL GPROEX LAT SEGMENTS '•__JGAS MOTIOPROELLAN._.. BEEN --- "AND MASS
SEEIO
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GAS NOTION AND MASS TRANSFER SECTION

DETERMINE IS GAS WILL BOUNDARY
NEW D BOUNDARY
BOUNDARY IMMEDIATELY BEYOND
LOCATION q UPSTREAM CHAMBER-BORE

[COMPTE ______ FROM CHAMBcKRBORE AREA

ERACR HEG ?

RECOMPUTE ESTS GAS ADVANCE TO
TOTAL BOUNDARY \lNEXT
P'ROPELLANT y IMlMEDIATELY sqBUNDARY,
MASS IN UPSTREAM "

SU BVOLUME

FINAL RO, NEW
T VALUES CHAMBER-BORE

S..... . -SbBVOLUME _

iGO TO j_____
jOUTPUT GO TO

5THIS PAGE
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PROPELLANT SEGMENT LOCATOR SECTION

DETERMINE iS PROPELLANT SET VALUE
KTYP SEGMENT OF VARIABLE
REFER TO DIVIDED "NOCH" TO 1
IG.• 1 BY THE • (PROPELLANT|

REFERENCE NOT PRESENT)j
BOUNDARY?

RETURN TO [

SENDING
SECTION

S/SEBENl\
WITHIN•"•REFERENCE
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Appendix D

Computer Program Listing

and

Sample Output,
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[I GUN CDC 6600 FTN V", C-279C OFT=* 3AR/J7i72,

V P~nGPAM CGUNtINPUTjOUrPUTqCEnUG=OUTPUT)
c r)FrtUG

r: TOPFS(nR-;VCLtCftPtPrVCGVOLCHV.CrCJCV90ISTOF, CV,1T ,1IO,1..,,
C' STO)=FP(IWA ,IXJJ2,JCJ'~.r,KKCIPWLMNOCHPFflIFSI-ASHVSHY)

GUN INTERNAL. nALLISTTCS PROqIEM

IT"PENSIONJ PFr),V(50),RO(50),T(50)j,GMtSc50),TCMnS(5ti),oVSLM(5C)
OT1MFNSION CV(5fl!),CMAAS(50),R(53),Crc(50)

OTMFNcI1ON X(51),IhA(5tL.),W(51,4),BURNA(20),GRAO('20)4

OrAr! '(0JYPrU~,TYPR0P

RrAO 2-u1iPSiHCTFF
OrAf 2Ji1,FqTI'SO,5AMGCOV0L

R.Y A) 2zý%,NTAPNMAIe

RT1AOQRTl.4#32.i7453.3q~ TA

0i CfNT INUTVtLUS
24 4ýGADTtUN(I7=PTP

0,'-NT INPUT4VALUE

0 0TlJ-T V7!'.,TPrHO
P'=IN' -3-%F

p r1 ',T W! ?C"',

PFINT 31j-i
Pc!7tT l1!',TYPROP

0 .' 3I2-3,TOTC4
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COC 660O0 FTN Vi. sO-279C OFT=1 02/07/72

* D nT'IT 313. ,C QiI

"PFjýiT %r, 9

P 'IN, 3 17 T AS

0,- 1 i T 3?',nrAn

P:INT ý27%RCOVC
OCTINT 3"i:,svAM

p9) T. r 3 31l r
PPI&NT 3?3%CT

0PTNT 7 7.0 P;

,,'I I MT 3 ? F- I V

INTAI VAICJ 1 WIA6L91

INITALI~z VNIAL eIS VAOUNAOIESAN HGE MNS

"'r= 7/
SVK9r4r*'42.1.74*RG

,,A=.7P54*'HC*Cr

st-z=rti
Gt"3=rwr */ (~<- (XBl*GX

= 
1 )TST=.C

"PY (I ) =11TST

X (.,sn) ='>4L
flu 2, it:, N'

!C W2iJ=4A.

O JTZ'4Ii4E CONCITICNS A~T PSwOT
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GUN COC 66jD F7N V29 C-279~C OFT~l 02/07/72 1

CA(I) =TnTr.*/ CVWP-i,)

'JOL=1?.*CA*Y(2)-CMA'Z(I)/CRO

T (1)=TISO

TrMAS (D=CMASMi

A~CV= 0.

33J IF (P (I) s GE PSHOT) GO TO 40
TTmr=TIMIt.CT
GO' TO 209

4.0 L=ýin-1

(I )='(I
V(I) =ROL.

T(I)=TTS'1
G*IAS( 1) =Gm A;(1)
TrMAS ( I) =T CMAS (1)
CM AS (T)=CMAS M)

SItIX=Sw-X *SHV*SHV/ (SHA*2 o)
V (flo) =SHX

3T=TTS0

ip=p(I)+flp

VflL:- (FHX-CLHL) *cAa.12 0
lPV=?rMA'l/V0L

VflL:(GHL-X(I))*CA~i~.-CMAS(i)/,CRO

)3p=-.374trHRO*SORi(SVK*TISO) *OV

C(11~V(~)=-.8D)(OI*OTSKTS

CFV=W(ToS1
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GUN CTýC 66,00 FIN Vl,*E-279C CFT1l 02/07/72

r(0 TO 4.A

pRorrLLANT CURN S~TC

IF(X(f.1-).LT.CHLAiNO.CHL1-LT.X(Nfl)) GG TO £02

DT=?. *'t'TSTfWV
1,0 TO 1.ý4

lh(NOCH.E'3.2) G0 TO 3%~
?

GO Tr 11JJ.

TF(T.F0,N~l) rQ TC -701

rC TP 2;.!

r.0 TO 21J1

r, 0 TC 2A

3P TO 213

r,(' TO 2111
217

Fl.rO. TO 2112

L" IS+

214~ ~ ~ ~ lF(,XPAD p=R

A n

0( V N,)- ,f TGA *N 'C,



GAM/141/72-2

CDC 6600 FTN V2.6-27C.C OPT=l 02/07/72

r-0 (~ TO("l1%, 3;214,214,222,224,220,214,2!Otai6,218), KTYfP
V ITýTX (I )-rx(N)

II'(KTYP*EG.4) nIST=ýfHL-CY(N)
IF(TO.EO.q) GO TO 9210

04i"P= CM-nmL
TF(KTYP.EO.L4 ) GC TO ZiS

215 flM~rML

IF(KTYP.E0.8) GO TO 24.0
IF(KTYP.F0.4) GO TO 235
r-0 TO 230

216 '1TST=CHL-.CX(N)
WPIST=X(I)-fCHL
IF(IC.EO.5) GO TO 9J20I 0L=fCC9#1IST/r:L

6MCOCMW1ST/CL
0!:R=CCM-lML-0MC
L=T-1

u=1

22 L F(IO.EO.9) GO TO S20

aa~~~~~ F1.;n~( T 2

9MR=9CM-M0C
L=11

22S IF(I4).EO,5) GO TO 923
amflrm

L~l
GO TO 243

3 O TO23

XV6AS (L G) /S (Gm ISIL) n

IC(X(L).LT.CHL.ANO.CHL,GEX(L,1)) A=CA

R~C(L) =GM'AS L) /VOL
* IFW.ZO(N?1).AI.L~cN!2~~ FSTCRtPQi)
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C4JN CDC 6600 FTN V2.Ieb279C OFT~l 02/C7/72 2

IF(Tr~,EQ.1) GO TO 30
GO TO 245
TCMIlSk^=TCMASC-nM

C GM A S 0GAS+D h
CT=TISO* (1 .- Xmk) CT*XPR

-' GHPIVCGtIaS/VOI-
CF'I 2, *CtMAS4l-IG*CT/ (VCL-CCVOL*CGMAS)
GO Tn ?'4 5

?4C TCAASRTGS'A~-DM

2 '- A S ='!GMAS 4DM
"0T=T TSO* (I *-YMR +PT*X4R

RRO12iGMAS*Pf VOLLCVO*GPS

245 GO TO (2509?7fl,2,?p54o27io270?27U,250,270,2S6,26o),Klvp
250 IF(M.LQ*2) GO TO 270

L~I
rGO To 231)

252 TF(M*Fgo2) GG To 270

rGO TO 235
254. IPtM.EOe2) GO0 TG 270

012=0MR
r.0 Tn 243~

256 ijF(M*EO*3) GO TO 270
TF(M.EO.2; GO TO 259

Gr) TO~ 2140
253 tM=3

'~To 251
?63 TF(M.EO).31 Go TO 270

FMuED*2) C0 170 262

LxT
(;0 TO 235

262 '

271ý TF(10*EQ,1) GO TO 39
IFPei.Cr.(NE-4)) CC TO 275

GO Ttl 11'11
Z?r IFTl'I(l-)AEKT~Foo~KY*QS GO TO 2??

AIF(T.LT,(Ng-i)) GC 70 280
n0 TO 311



Mlwatw

GAMJM'E/72-f"'

GUN CDC 6600 FTN V"', C-279C OFT~i GZ/137/72

Gel TO 311

dC T I'V=OI
IF(X(I).LT.CliL.IANCICHL.LT.,X(I+1)) GC TO 268
n0P-,= (I) -OP

282 !T=14
IF(I.EO.Nn) r0 TO 7,01.
TFX(XW.*LTeCHL.ANO.C.HL.LTeX(I+i)) GC TO 292

'ýV=?OPT (SVKT CI))
WV=IýV+V C )

TTCGtP1ST/wV
IF(T T C.GT.TAV) GO TO ?0i
TAV=TAV-TTCl
P(X)=P(I)+OP
rO TS, 282[ 238 IF(KTYP.EO,.C.R.KTYP.E0,5) (G0 10 290
OF=P-OP

GO TO 284
29nr DP=CP-OP

GO TO?1

'RV=SCFRT(SVK*(.54C6T+CT)))
1WV=SV+,S*(CHV+fSV)

TTC=OIST/WV
IF7(TTC,.GT.TAV, GO TO 301.
TAV=TAV-TTC
CF=CiP+np
qrrnp4 3 p
GO TO 21V?4.

SHELL MOT,.O SFýTIXON

3G1 OStV=IHVS
P *rt5S=o (P (N~-II+P

Ir(y(fN,,-).LT.CHL) P~rvl=*5*4(P+OP)
AflP=PA*(1',+ GAACH/2 CV CGAA-Il*OH/2,c-A+CT(GA?1

';=OSHV+SHA*0T
H'X4SHV*SHV/(S)JA*2*)

.. f =jSHX
w(N1)=W (N'ý 1) + (SHV-0ýHV)

44*4444444444444444444444l444*###,8444



rU GMJE/Z- CDC 6600 FTN V'29C-M7C OFT~2. 02/37/72

WAVE PROPOGAIICN SFCTICN4

jrI

41(0 rF(Tt't4(j,j),FJ).0) GO TO 470
Ir(JTEA.o.NP) E*4 SO TO 420

4~20 IrCT.EO.I) GO TO) 430

GOTO 410
4~30 -0 TO (440,450,460,5Y0),J
443 J = 2

GO TO 411

460 J=4. 4i

r0Tn 41'J

JF(KC;WE.jcoq.KGI.4WEQ.2) GO TO ýs71

TAV~r'T
4 '71 lF':J.r0.2.OR*JaO.4!) GO TO 475

IF'(Y(I-1).LT.CHLAND*ClHLLT.X(I)) GO 70 500
'<:1-1
3V=S!0PT( SVK*T (K))

Tr(WVLT.O.) r0 TC 496

r-O TO 431

475i TF(X(I).LT.GHL.ANGC9vHLeLT,X(I+i)) GO TO 500

443*' TTC~nISTf WV
lF(T7GC~tT.TAVl GC TO 495

TAV=TA\1-TTt',

r.P=e.373*,OGT) #SORT (SVM*T(T)I'OV
O(T) =0T)+C0

'S'tF(Jb1. 1) R.J.EIt,(;I) !+1
I~ TF j,J)2Q*,,Q4 lt'.

tzU(iEO~l) GO TO p465



'XJN:). n G O a COG 6600 FTN V2 ,~ 7 COFT ~l a2/07/7 2
T5(T~i~~j)GO TO 4A2nP T 4 1 ) G ' 4R

TWfl(IJ)=
W(Tjk=oV
T~p

&fl Tn 141n

F(J FS )J.2

V4 (IJ) = 9
IF(TX.-:Q~ll GO TO 486
GO' TO 471

J= l
rf TCi 141J

490

WU, IJ)=W~v* +O

GO TO 491
494 rrTo 471

A. Is~

rC Tn 4-11
49r, ~ w~Q, GO TrO 498

GoO TO 499

~I's

'.C T- 410ý
4q~7 TY 1

,,;l Tr 431.
4' , ,f(T,j)=ov

IF(I.vznNP GO ~O493

S7



GAM/ME/72-2

COCr 6600 FTN V!.,C-279C nFT=1 u// 72 2

60 GTO 470

5 TF(V~CfIW.9r).I) G' 'TO 4(

rF(KC4W.EfO.2) GO ITO 4'
I1'(J.[Qa.2OP.J*FG.'.) G 5nl5

StI=, r-(SIN ' (SVK*rT) + (V

IF(T"C.GT.IAV) rO ill 496

Tja (=T /I V

'Cr=1?.4"r.4S*G'T/ (VOL-CC VOLPCGMAS)
O,1 = C C' 'A A 1 / V~ r L

CItr-?,.Eg," (P-f~lC~/(CHRO MSQRT(SVX*CI))

IAFb)VCV-LTA.c) Jr,=2

JV:>)t (IC = VSUM ( I) !Vj

3VSUM (j-j)=OVSU!M(TI-j4OVC

Tw ! I J..)



GAM/ME/72 -2

1I'N COC 6600 FIN V~or-279C OF--=I G2/n7/72 I.

I AV=T AC
K ';C TO 1-71

* CHA~r~rL MOTION SFCTION

TF(NI4CW*EO.2) GO TO III1

T~=3

rtO TO 1)11

IF(T.EO.Nl) GO TO 801

A2n *;o "0 251630,6315,6'.o645,65O,630,E~,63U,6%Q cSS ,KTYP

GO TO 6Pf1

GV, TO 670

' ýf-V=,7!(UV+CHV)
ý; Tn 0'7f

rGo '" 670
F 1 A'rV=pv

G~C TO 675
65q AfV=.5*(OV+V(I))

GO TO 4itm

ro To ('fl

co'5  Ar.V=.5*V(f-i)-'-V)
67: TP7(NCrp..zn..2) GC 70 672

A CV-,:C v(14)

,72 7 F(.'C*V.L;*.I,) AGV=D.
~ Go TO 2'3

675 iF(Irý=O.1) GOTO I [

68(TFfl.c()J.-1 GC TO E95

TPT*') C TO '.Qr

&ý' PFTF=P(l)-A(2)

CO '0 65-n
- £05 PrIr=P(Nl-i)-PfI)

GO TO 635

S9



GAM'/ME/72-2

COC 6603 FTN V2!.V-27'9C OFT=1 02107/722

~GC TO 75r,

71) AC.r=*q*V'RO+CHRO)
GOf TO 75q;

715 pLIF=P(T-1)-*F4(pF+CP)
C,' 0TA 7 1'

GO) TO 19qrI PRO=n
r. O755

731; ClCIF=coP(I-)-P

ft ,C.O:P-1O (1I)
* ~ 1O To 755'

CO TO 75'S
76t' PnIF=00r(1 1

7 A O1:(1'sC i /(GP

745 Pn8=CX-('4)+VN T

rC TO 7551

3'y FX(1.L.IL~G.C~I.TXIi)G TO M1

31 r(XUl).LT.CHýL)ANCsCA Le(+) O7 1

237 IF (TJO. F, 1)) GO TO q0l.
I T.14
Go To ýjq

Rli: 0IST=CHL-X(I)

60



GA14/ME/72-2

61:N COC 6600 FTN VZ3.&-27GIC VFT~i 02/)7/72

'YTr=P1"ZT/CHV

TF(TTC.oT.CT) GO TO 120
TAV.PnT-TTC
A = RG~ S.+CV (uhA~S
X( MT =CHL4-nVOT
nFtlVS ( 1) ='ijy
n=lc',*CI"QC'CA*CHV*OT

G -AS MI =11MAS( D1 -0 to[o T.i)a[ ()X~)CV0

CG"AS=C~lAS-DP
T=+

TF(I.Efl.143) c.O TO 901
XMf=XMI)4V*DT

G!MAS (l)=GMAS(I)-Dl'

Ot;A~r.E REDISTRIPUTION SECTION

Ir(N(WOH.EQZ) GO TO 13-69

lc((I-F*, GO TO 915~
911" CONTTNUE

015 L=Nn-l
nC 01 11I,L

01E ~ ~ TA(I) --U

T CMASP'C=.,

A ~1=1+

,C T." lini

*ý2 rn TC(Q7 t?92292-,924.,92S,9269922v,'28,3922t93Ov9;,9z),KTvP

Ge' TO 915
f 0.2? TC.MAS(I)=.TCMAS(T)4C?'.A'z(-,

61



GUN GME/2 CDC 6600 FIN V~.1*-27qC CFT~i 02/27/72

'ýO TO n*r

T(*,,-' T.r 1Glk A~SC+Cm a S (N) *(CI-CIST)MC

924 TrMAý"C=TC.flSC+CýMflS(N)*flIST/CL
T(4IA,ýP=TC1iAsf+CMAS (N)*(CL-OIST)/CL
re 10 n75

Gr TO 97q
9 ? I trrMAcr-Tl'MfSnOCMfS (N)

9253 TrmA~F0TCMAS!+CMAS(N)I0TFT/CL

PC~' To q75

3JTGP~flCTCt1ASrf+CMAS(N)*nWIST/C~L

TINM"'(I)=TCMAI.)4CMC AI;(N)*(rL-OISI-Wr)lST)/CL

(,C 71 935

TCý'Fn:T'I'1ASR+CMAS(N) CCL-DIST-WOIST)/CL
93q IF(MEn,(N!-1)) CC TO 1000

'CTO 1i'V1.

6bS PPPRYREALI(W1ENT SECTICN

ITF(X(T)8 LT.CHL.ANCor'4L.LT.X(Ie1)) GO 70 1026

IF(YXA .LT.CIIL) A=rA
VrLCL (i~)-)(T) )*A412.-CTCMAS(I)/CRC)
OC (T ) tGMAS (T) /VOL

I-C TO ij3'l
I ý21 VJlL = (I *XU))#A412. -(TCe'ASC/(RC)

r-C=CG.4A~z/VOL
C~t~..P*(VOL-rC'MAS.CGVOU)/(2..CGMAS#RG)

ýO To 13.'1

C.14A~rE LOCATION SFC-TICON

1-lA LTYP='
lF(ý>(N).rtE.G.) GO TO1 110f;

GO TO 1~ 1 5,izi)I
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GAM/Mii/72-2

CDC 6600 FIN VI*L-27qC OFT~i 32"717?

1115 TFCIT.ffl.!4,) ro TO i11
TF(x (,N) .GE.X(T) .AtO. (GX(tý)+CL) .LE.X(I~i)) GO IC 11%10
IFCrx(.ý)LT4 X(T).'WODX(I),PLT.(CX(l')+CL))GO TO 1115

1119 L "'YV =i

IF(LTYP.rnal) GO TO 113q
IF(T.L-E.?.OR.I.G'- '8-1)) GO TO 1135
IF(Y(I).LT.*CiL.A..-,X(I+2).LT.CHL) GO 10 1145
TF',X (T7),GT~rHL) GO Jfn 1145

.25 IF(X(I).LT.CHL.ANO.CHL.LT.X(141)) GO 10 1150
TF(t*EO.(N0 1-1)? Go To 1140
IF(X(T+1).LT.CHL.bN'D.CHL.LT.X(I&+2)) GC TO 1160
lFtj.'(,.) GO TO" 1145

111ý .!' I,:vI~.LToCNL.,ANO.CHL.LT.X(I)) GO 70 £170
jli45 <Yvz('

TP(LTYP*EQ.i)KTYP~l
ro TO 1j~r

11-50 TF(LTYP.EOn*u) Go Ti) 1155

IF(rX((N).LT.X(I).fitJP.(GX(N)+CL).GT.CHL) IVTYF-=li
= .cc TOJ 1131,

115r, KTVP=4
rPFJOcrHEtC,2) GO TO 1180
TF(T0.EQ*4) GO TO i13AS

TF(I"('J).GE.X(I).ANfl.(CX(N)+CL).LE.CIL) KTYP=FI ''=) TO 1185
Its~ IF(L.TY".Erl.) GO 7O 1165

11ý TYP'~7

G(" TO III:
11' TF(LTYP.EO.1) GO TO 1175

Go r, ii

:4F(NGCH.El.n2) GO TO 1180
IF(CX(N).LT.CPL.Ahio.(CýX(N)+C.L).GTX(I3) KTY0)=lV

!19,' G.O TO ~i6~,,~L~3,f

OUTPUT

PP't.T '7545-
L =NP.- I

MC 32.1- 22=I,L
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G GMME7- CDC 6600 FIN Vý, C-279C rOFT~l 02/07/72 i

VrL=V(T)

T ( T)

C.Tol 132n

n. r, rr I

T -M rC- = r T

I: 1?d --'IMT 35%,F9OSgrýPcSVEL,TFMPROWCMASIZ

0-rTUP~t4 10 PRESSURE PUR TC RESTART CYCLE

GO TO 1l.o

FORk4ATS

tU FOOR"T(41 jAIC)

7' HA.RMT(1HI,*GU'-4 o[-SCýrtPTTCN*//ý
iCnPMATI{1H ,*TYP'C CF G!UN~,T3cjfli'

Zt2L '"4AT(IH ,4GLt4 LFNGTP4 ,T70,Fl3.5,T5O,4FT*)
0M, ~A T ( I H ,*CHfP~RER LENGTl-*?T~opFl3.5p750t*FTv)

-'5 Fe'?HAT(1f4 ,n; TAXzETR;,T30,F1l.%I959,4IN*//)
-,E Fn4A-(jri *GUN A~r 3H-ELL lNPORflAlICN*/)
%-7? FOPMAT(1~4 ,'~L TATPESRE 4 ,T28,Fl3.5qTci04LRF/SC Iý*)
'?'jL rtl:4A(JH. *PUN FRICTTON! PRESqURE4,T3CF13.5#T5OULPF/SC IN*)

~ C~A(~ ,DOPELLLA4T INCOPMATION*/)
~ ~~ftT,~. ,4yP~CF ORO00FLLANT4 ,T1 A3

11-1: ~crri:'-( H,*PROPELLANT MAýSS' T30 ,F!3.5tT5O ,'LEw')
z JH~~ *jrCNTTEP 4ASr',qTllpF13.5,TI5O,#LTM*4

:; rr9"AT(I-i 9*PPOCELLANJT DF'IYt-:I1.959LVCJI INV)
31E~ rCuPT~H *ISC'f:HC"IC FLAtPE TEMP*,T!G,F!3.5,T50tCEC~ R4)

jlA,^ *C:Ti1,FCOCE CCNSTAN4T4,T30,Fl3.5,T5O,*FT-L'-F/LFM*)
.170 =0'Cý"tT1JH ,4CRESSUPP PUON QI'TE CCEF4 ,T3aFi3.',15t,4 1N/SEC-!OQO PS

.1 '-C7-mT(IH ,0PCESSLRE nU'RN RATE FXFOt'ENT',T3O,FkZ-.!)
.i FPOOMAT(IA *,'ROqlVr BIURN RATE CoEF',T30,Fj3.5)

3?2~~ J~-"~1 *~CO.r,30i.,5 CUBIC IN/LPII')
324A., COCYAT(lH ,'RATIO OF SPFCIFIC NEATS*,T7301F^13s-)
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GA?4/?E/72-2

CDC 61-00 FIN V3@C-279C OFT=; 02?/7/72

"'~FC;4iAT(jW ,p*MAS7 PFR G1PAINTj30,F13.5qT5Gj*LPy*)
.:C eMgT(IH ,*nlPAG r0FF~q,3&,Fi5.5//1
~?~J~e~~T~W ,ATMCSFPHERC ccNnTTIONS*/)

Prlý"T(IP F'~gES'CUPF~ ,T3GtFi3.5,T5O,;*LBF/SQ IK*)

3770 FC--mA?(tI4 ,#OFNST7Y*,T3U,FI3,5,T509,LFM/1rUBIC IN*)
tL~n FC~"'AT(IH "ýSONIC VEýLOCITY"',T3C,F13,5,TSO,*FT/SEC*//)

PO Fr~r T(114,*PO~qLErM VARIAIELF~S*/)
z7,nf cr 1iAV(I4 *~TIME Cý,rEuPNT4,T3O,Ftl.5,15O,#SEC*)
3'i PrrnXAT(14 V*NU413cR OP GA~S nOUNDftPIES',T3OI3)
'7-4 FCc~mAT(lHi,#*'POZvFLLANT rRAItI '3URN OTSTANCE VS SURFAEF AFfP*r//l
13!q FC:7vAT(1t4 ,'nURN CIST (IN),pT37,'SURFACE ARVFA 0ý0 TW'/t)
33:!L FCOMAT(14 gFi3*5,T449F13.'F)

1 ý- I.~ 5tu FflRMAT(l'i ,'SHELL PoSITT0NT32,F13.',T50t*F'*)

'7526 FOP'1AT,(t4 ,'SHELL VFLCCITYvT32,FiO.4,T5O,*FT/SECv)
S 3F'n9 FOR!'IT(1I- *~SHFLL AC ~LrPATTOfN'4,T?22,FiO.?T5O,'FTISC SEr*///)

75'Pn FO iItT.(14 ,?X,*POSITION*97i89, PESSURE'T33,'IVE LOCITY#,T45,*TEMF;EP
itaTWo7*,T64j,#fENSIlY~ ,T77,*PROP MASS*)

354d5 FOPMAT(IH ,6X,*(FT)*,TiS,"(LPF/SQ IN)#,T33v$(FT/SEC)'-,T56,*(OEC, R

3551 FORHAT(I.H pF1O.4,Tl6,FiO.2,T3iFiO.29746tF±O.2, T61, FIa.7, 176, F1.0

6S



CDC 6600 FTN V.ý-27qC OFT~i 0/07/7Z

''NCC 1 0!TT ATKN(XtYqN9K vXT) ATK\* 1102

C ATKN 20

c AT K C 1GE

c AT KN^.t'.)

c X L TA14L' OF INOFPrNOE'NT VAPIAfLE VALtUFS# AT K M1511
(?VqY PE ASCFNOTNG CR DESCENn2XNG)o TN.,

Y - TAflLE OF DECPNr)ENT VARIABRLE VALUESa T.rj
CN - NO. OF POTNTF IN4 TAALES X AMCl Ye
CK - flY.RECE OF INTERPOLATION OESIREle ATKNC'15

c Xl- X-VALIiE F~OR WHICH INTERFOLATICIN IS DESIPEOC.TCJ
C AT KI-~Cr' 7
C TuE INTEPOLATEC VALUE IS RETUR.NED AS THE FUNCTION VALUE*.TNC1

cAT KN'I? !9

C % CTLLS CF 6LANI( COMMON ARE USED* AT'' 2'

CATKN ~C4C29

PIMETF O (() X(N~ Y(N4)5 ATle0 "2

r 40.0 it, Kit LIT, Lt LU 0 T G., T0 " 2"

nATA KF MAXI) 12/2,C,' ArW~. 2

AT K IN 0l 2
1Ei4J,7 ( K I.KA F K vL~ 0 0T 30AvNC

AT ý k2

66TI t



GAM/ME/72-2

ATKN CDC 6600 FIN V1.6-279C CFT~i -ý2/07/72

'I? LL=LIL 
flT K 3 V55COTO 14." 
A~T KNO15I i t L L LL -(K I+ 1)/ ATKNCnq8IF (LLý ?d,'qljqO 9~N1

190 TF (LL+K1-N) 200#2009L4 0 A TKN C15 9

YY(TLL+ I l) X ATVNG(%3E1

'IV' YY(T)=Y(TI) ATKNC:?

10 22* J=19K ATvl C 2FS

A'TKN=YY(Kj) ATKNIý7
-7F TURN ATKNCC~d

C Al.KN ý- 9
303) OOINT 10L'59 K ATKN )07tJ

1~uFflMA" (lH0K~r112q33H IS INCCRRECT FOR FWRCTION A7KN) ATVN.~?
CALL SYSTEM(2v.OG) ATKN3117?

P~ (3ATKN40?3
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GAM/ME/72-2

GUN £vSCRIPTION

TYIP ~F or CN 15qMM HOW
GUN LENGTH i8*33lilo FTrH4.,VEz' Lz:NVP-I ')434000F
CN!~mPER nI!AHLTEO 5.0O0'Jo INRORL JIAMiET[P 4.18400 TN

GUN flNO SHFLL !NFC;Z,'IATIO)N

SJHELL Z~TAOT PREzcURE 400OG.UU00 LeF/SO XNGUN FRICTION P~rSSURr 30oooLFS)ISHELL MAS;S ±a2lroo LnP,

p - ~FPCPF'LANT TN'FCPPPrTlCN

TYPE CF FqP;CLLLANI NC l1.si
FRCPELLANT 4AsSz 

L~.~i LPVTGNRrpELAi mv &sIV .P726 aL 9
P~rEASN ONTY*575') L.OP/CUOTC IN-~ISOCR4OoIt L'~1MF TFPP 3uao.gool O)EG PFORCE CON5TANT 364500.*0QE.1 FT-LRFfLRMPRESSU7E I1U:N RATE COEFF .'.qiO IN/SEC-'ot6r FSI- FfRESSUPF DUPN RATF EXPONENT .67O00

EPCSI'JE n6ýN OATE rOEFjag
C 0V 6L I "El 29*6200O0 CUEIC IN/LF.MQAT47C CF SFc-CTFTC HEATS 1*4C)0')
MA~SS PFR G ýA IN 00321t. LPW*ORAr, COEF .10000

A1'XCSPpLPIr CONDITIONS

l4o7jGOO LnF/Sr) INT?ýPRAT'U~ 
5306.Z2100 OGp0FK5TTY 68000e. Lne/fupic IN*SONIC VELOfCITY 1128.FS23j FT/SFC

FP~C91,Eu VAcIAqLýS

TIM~E INCREmPI~T *(00061 SECNUNwBFR OF GAS qOCNflAPJF 2

65



GAM/ME/72-2

PROPFLLANT GRAIN PURN CIqTANCE VS SURFACE AREA

BURN DIST (IN) SURFACE APEA (SO TN)

* 3 'o 1. T7?9J,

1,2670'.

n b -)Fn • "r
,G0 0?SU1 70 J 3

*00 1 10I ±,* 590

* Phllu *87q5G

0 ucS19"
* (ij7gn*~5F

*69

,C27Pr'i

*u01.ufl*7n
ocailk 1377nl

.000110 .04590
O*30OhiO 0.000000
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GAM/ME/72-2

Inr:
L lI %UNU tu % lu i. U l1%il lU .of 0-0 N0 N0 N0 ,W0 ,t Nc ,u ,v -

ULi NulU NW t l I lLNi : nk .

zLt~~,*
o'Ci 0 Loic

>-L W4V 4ý lV 4W a. - lV ,,ý - I 4. .
Il- Z0 M 0 MD 00) 9n cc0 tog 9V to 0 )a enc Nt :%

1-4

CC'

-1 I-.C

r/ I0 0 a 0 9& 0 0 9 0 a~ 0 0 0 0 0 .. 0

Q4 1-4 .4 C; 4 -*I C3 VI w 4 m - C)4 t:4 C 9.;) Q? 4 Cp cl U' r

01-Y
r'.) 47

o LA. 01-4 4a &~ 0\ 17 *. * v &~ 01 *. a~ 44f~L~ 0 *~ *' vj *t
t/ 3C ~ ý- mC s = oc, c %wt-c

I-' 9 9090 09089 00 . 99 A

Nn tcii ,C (, \ N 1401() (I " 1 ;

- ~u-



T7.

GA?4/MI3?72-2

Vs0I NL nV %WL nL NC A' 'CviA 74. 3I ,ý T. . j. 7U 7wr .-
-aa p0%C i.r0 ; O y _ C NC% %WWCPC3N=1.- 1 %UL %I og NU %i Ai %s rc
ar. .

8O* 000000* e..@ rj

Cz NLNUtU nL - - nt n U ýt n-

*ý* 0 00 * * * &0 0 0 000 . .

C.':

.)
tur C ,f3' 3r - 3 , 7r nC 0C-- -

e4 .. V (a C C) C C )C wCwc N

(.3. L* >4- C, C)% 3fj 3C3L7 CD ," )0%r
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Glossary

Bore The interior of the gun barrel. In this
work the portion of the barrel from the
area change at the chamber tc the barrel
exit.

Breech The end o? the barrel opposite from the
barrel exit.

Chamber A short length of barrel at the breech end
witn a larger dianertr than the rest of
the barrel.

Chambrage A tprm referring to the liresence of a
chamber, as in "a gun with chambrage".

Erosive Burn Prorellant burn induced by the zelative
velocity of gas past the propellant
surface.

Force Constant Term used in the gun business as a measure
of propellant energy potential. The force
canstant is the product oi the propallant
gas constant and the isochoric flame
temperatrTb.

Isochoric Flame Temperature attained if a given mass of
Temperature prope!Xant is burned adiabatically in a

constant-volume container.

Muzzle The exit end of the barrel,

Propellant grain Small geometrically-shaped mass of propel-
lant. A commonly-used •hape is c cylinder
with seven holes aligned vith the axis of
rotation of the cylinder.

Rifling A groove machined into the bore to induce
a stabilizing spin to the projectile.

Shot Pressure An artificial pressure used in some analyses
(including this one). The projectile is
not permitted to move until the shot
pressuro is %ttained; thi3 is an approxima-
tion io the force necessary to overcome
certain frictional r*3ýstances to projectile
-motion.
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