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Section 1

INTRODUCTION

Briefly, the existing procedure for the acceptance of propellants
begins with closed bomb testing during manufacture. Batches of propellant 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
weight 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 satisfactory 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 candidate item for production is M1 propellant for the M67
charge of the M103-105mm 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 ballistics functions, Calspan has developed
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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 emphasis was given to the 105mm howitzer code, The primary

items addressed during this program were:
1. Reformulation of the governing equations.

Zis Change of equation of state and use of BLAKE code--

generated inputs.

3 Improvement 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.

&




Section 2

MODEL STATUS
2. 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 accomplished on the 105mm howitzer model, originally
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.

i 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 provide necessary background 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 contained 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 barrel, the seal is assumed to be tight, allowing negligible loss of

gas. When loaded, the shell is not rammed and must travel a short distance
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before the rotating band engages the rifling. It is assumed that the blow-by
that occurs here is also negligible, 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 proQides

a more positive ignition.

The propellant charge consists of seven bags sewn together 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 M1 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 firing sequence is initiated 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 ﬁ
bed. |

As the pressure builds up in the system, the force created by ﬁ
pressure acting on the projectile base causes it to move, engage the rifling,

and eventually overcome the initial 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




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.

20232 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.
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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-known, universal relationships that
express conservation of mass, momentum, and energy. These equations contain
terms to include gas generation by burning propellant and other source or
sink terms such as heat transfer losses and mass flow through primer tube
holes. In addition, equations expressing conservation of mass and momentum
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

primer charge.

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

mulation 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 after the projectile has started to move. The projectile base is
assumed to be reflective so that waves are transmitted from the breech to

the base.

R



Basic inputs for the Chamber Routine include the chamber and
propelling charge geometry pertinent to propellant ignition, gas generation
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 independently from the others.

2.2.53 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 include 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
individually and consist of the force required 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
resistance 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 last row of chamber grids and is loaded with weighted
averages of parameters from these chamber grids. Therefore, no specific
boundary conditions are applied to the barrel entrance. The barrel grid
network is terminated at the projectile 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




2.3 GOVERNING EQUATIONS

: The governing equations for the Calspan interior ballistics 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 Culick4 and Goughs 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
P(%-‘?) =BT

where the co-volume, /A is given by

= Ao+ Alp+ Azp* +Asp’

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 high pressures encountered in gun applications. This
change necessitated 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 system
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:

2(8F) ¢ L I(APPU) = m + ;g
it Y

|
T
Solid Phase:

- DIAU - fup] == m i
)_3?[(/ é),;].,ilﬁl (1-¢)fe #] comb sp

where mc is the rate of propellant mass burned and ms and msp represent

omb
respective quantities of gas and solid added through the boundaries of the
parallel grid networks. The propellant density,rgp, in the solid phase equa-

tion is treated as a constant in the Caispan codes.

Momentum Equations

The equations that express conservation of momentum in a one-
dimensional two-phase flow system were rederived along the lines of Culickl.

The elemental volume for this derivation is:

(A, & p, p Y, upl 9 (A, 9, Pr ) Wp), s ae

L—‘Ax i

The total momentum contained within this volume at any instant is
Aax[dFu + 0-6)pp ap ]

where A is the average cross-sectional area of the grid and &% F/ U and &}
are the average flow parameters in the elemental volume and the propellant

density, /%), is assumed to be constant.

The net momentum change within the elemental volume due to flow

through the end boundaries is
[Adput + ACi-0) pp ™| - [ApPu* + 40-8)f '), o

The parameters in this relationship are those that exist exactly at the end

faces of the elemental volume and are not average quantities.

14




The pressure forces acting on the elemental volume are those forces
acting on the end face plus the axial component of pressure acting on the
side walls of the volume. The pressure force is written as

(P +[h (3843 - (4

¥ +AX

If the pressure, p, and the area of the element, A, are assumed to

vary linearly over £Ax, then

p
and 94 = ¢

After integration, and substitution of C = _j;." and K= :_'E over the length
x
of the elemental volume, the net pressure force on the volume is

—A, dp ax - dp (A -Adax
dx 2

ax
or — A dpB Ax
dx

This term is separated into components for each phase when the global momentum

equation is separated.

The stress force supported by the compacted bed of propellant is
([Tacr-¢)] - [Tati-9)],,,,

This is the only solid propellant stress force included in the model which

means that a free slip condition exists at the wall.

Gas and solids 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:

hﬁ u + m

s “'s u

5p Tsep

where ug and uSp are appropriate velocities.

15




Combining these terms, dividing by x and A, the global momentum

equation that expresses the rate of momentum change in an elemental volume is:
b%[d’fu + (1= ppup] = -7/ K[Ad)f’u + A(1-g) foup*] - 3_2

T’- é[ﬂf{/ é)] -+ m M +ms’u

ﬂ/'

Letting %{ = %{ + (/*dogf. and separating the terms of the equation
with regard to solid and gas phase components:

Gas Phase:

F w3 2]« Bu —iu, = £

Solid Phase:

3%,[(/ W up] + 7 .3.[4(/—45),0,,“,‘] + (/-d’J_g% +%)xfﬂa‘(/-¢)]

_msPMSP = —-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.

Dx = {(":;d1¢/fl u_u/’)

The other is a result of the velocity of burning propellant grains. At the
instant a volume of solid propellant burns, the gas generated has momentum
equal to Am - up, which is properly added to that of the gas in the elemental

volume. At the same time, the solid propellant has lost this amount of

momentum. Therefore, the rate of momentum exchange is mco bup and
F = —'Dx -+ mconb
where
Meoms = J ()9/ iRl L ¢)

The complete momentum equations in conservative form are then:

16
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Gas Phase:

sbt_(cbfu) +_"'3éx'“¢’°"l] + ¢3}£ e +’;’ca~b“ﬁ+n?s“s

A
Solid Phase:
th ] e & (/- p) = x
;%H/ 8) foup | W’%“" 0 U] + 43 = D

-m u, —— J [AT(-®)] - g, u
Energy Equation s A f% 3

The energy equation is derived in terms of the total interna

thermal plus kinetic,
E = e + u‘/z,f

Ep = &, #+ u,t /247

The terms of the global energy equation are as follows:

Total internal energy in the elemental volume:
AaxlépE + (/—47),5;?:']
Energy flux:

[hopEn +AG-@fapup), —[ABPEU + A(1-9) pEpup],,,

Flow work:

[Adpu + AG-p)pupl. -~ [Agpu + Al-p)pu,],
Chemical energy due to combustion:

Ih“mb Egpt Aax

Heat transfer from element (to wall):

Q. ax

Work done in compacting solid phase:

Wc AAX

L/

1 energy,




e —

Source and sink terms:

Aox[mg Hy + m (E,,+ p)]
f

After assembling these terms and dividing by Aax the global

energy equation in conservative form is:
d2|bpE + (1~ ! E 2
)t[ P 1-8) pp Ep | +X;a; [AGPuE + AU1-@)ppupEy] +rlj§%[;4¢[m +Al4puy]

i mCO‘ub Edllw + Gf-’ + WC - m, HS o ms’: (EIP +—£ ) = o
fe

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

Gas Phase: .

2LopE] + L 2[ASPUE] + 2L 3 [Abpu + AU-O)pup] = Py,
__%%, =l s b= Q

Solid Phase: &5

ﬁ[(,_aﬁgp; +7",§.>’Z (AC-)ppEpup ] ~ W, - n;v E, = -~Q

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

within the elemental volume. These interaction terms include:

Heat transfer between gas and solid phases
Qp

Transfer of kinetic energy from solid to gas phase during combustion
b T
mca” U, /2.3.T

Work done by gas drag on moving propellant

= Dy Up
T

Therefore, the complete gas phase energy equation is

é_i_[«ﬁf’fj - ]r, _3{)1([,4¢qu,] +]_IU%[A¢/>M + AU-Dpuy] = ~_§,_

+* ’ﬁeonb (Edm—v * .l.t’-h-l) = Q._L + h.), Hs - Dxu
23T A _x_af
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The solid phase energy equation really consists of two separable parts,
thermal and kinetic. The kinetic portion contains the solid-phase momentum
equation and all solid-phase flow parameters are adequately specified by that
equation together with the solid-phase continuity equation. What remains is
simply an expression for heat transfer to the propellant together with provi-

sion for transport of these heating grains,

dL(1-¢) / All-®)epuy] =
- el + 121 Ep Yp /%f

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, E , 1s particularly important in its

chem
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 difference 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 CVT where Cv is the

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

temperature used in the interior ballistics code. The values of Echem (the
sum of the chemical and sensible heats) as determined from a BLAKE code print-
out for lot A of CASBL M1 propellant are given in Table I. A technique used

at NOSIH and BRL6’7 is to compute

19




TABLE I

VALUES OF CHEMICAL ENERGY FOR LOT A

Loading Density Echep - cal/gm S
gm/cc DELTA Q + CvTiyn Y-
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
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3 =_F
chem
Y-
where F is the impetus and )y 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, ms and msp are particularly unique to the
Calspan code. These represent flow interchange between 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 RELATIONSHIPS AND TECHNIQUES

Pts gl Flow Resistance

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

Ap - 2f(1-¢) LUt
Ax ¢ ¢ 94

as derived from the expression found in Perry's Chemical Handbooks. This

expression applies to particle Reynolds numbers in excess of 104. 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, ¢S, is defined 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, ¢sd2, reduces to 6Vp/Sp, the same

definition for effective diameter used by Goughz.«

At present, the Calspan code does not distinguish between fluidized

and non-fluidized beds. The drag correlation is most important 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, effects
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, conduction 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

73

Na = 0.3 Re o

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 flow 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 significant 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

fixturelo. The correlation is

-2 0,556
h = 0.972 x10  p
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where h, the heat transfer coefficient, is defined as q/0 T Btu/ftz-sec—°R.

The data were 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 believed 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 hegting is

0.62 -2 0.8556
N“p = 0.3 & + 0.972x10 p

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 wall heating is
0.8 -2 0.556

Nu, = 0.23 Re, + 0.972 x10 P _dEL

where dH is now the hydraulic diameter of the propellant-filled cross-section

and the turbulent flow heat flux to a pipe wall is represented by Rexo's.

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

interior ballistics code as in the Calspan closed bomb burn rate code. All
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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 integrity, except for the
phenomenon of splintering. Bed compaction, which must, in reality, cause grain
deformation and perhaps cracking, is presently allowed to occur in the model

without altering the grain geometry.

The possibility of burn rates within the perforations being different
from those of the surface is acknowledged but not included in the present model.
Recent experiments}l 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 recession 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
x = (AT, +B)p" + cT,

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

AV = f(Xx,D,d4, L, At)

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

ration term for the governing equations,

Mconb oy (/_¢)fof 40!
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where ég% is the fractional change in propellant grain volume, D, d, and L are

propellant major diameter, perforation diameter and length, and mcomb, 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 multiperf grains reach a condition, known as
splintering, where burning surfaces coalesce. At this point the calculation

becomes less precise for at least two reasons:

it 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 generally

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
surfaces, which may not be accurate as will be seen later, is used for this

calculation. The differential volume change is
dv =LP dx =LPx dt
and the length change is

dL = 2dx = 2 x dt

where P is the total perimeter and dx is recession normal to the surface.

The change in cross-sectional area is then,
d”c = dV/L
The problem is to functionally relate the cross-sectional area Ac to the :

perimeter. For a circle or square, :
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but for a rectangle with one dimension much larger than the other

Ac ~ P

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 results 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 Bpn curve established previously.
It is postulated that this depression 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 Bpn curve, the
depression 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, P2-4 Ac’ 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 propellant 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 combustion calculations in the barrel are now identical to those

performed in the chamber.
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BURN RATE ~ IN/SEC

SPLINTER FORMATION
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PRESSURE ~ Kpsi

Figure 5 BURN RATE VS PRESSURE FOR SPECIAL M1 PROPELLANT LOT A SHOWING EFFECTS
OF CROSS-SECTIONAL AREA-PERIMETER RELATIONSHIP AFTER SPLINTERING
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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,

£ X e
f)’x[“’ )]

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

(1-¢o = p = Lok ete e

where C is the compaction, p is the pressure applied to the piston in psi,
and CT'is the intergranular stress in psi. The compaction, or fractional

amount the bed is compressed from its initial state is given by
C = (¢¢ o ¢)/(/ —¢o)

Therefore, the stress term in the solid momentum equation becomes

(1-¢)0T = /.7x1o’<%__:§)

1.224%

The Calspan code assumes this 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 lowest. During this

initial period, the assumption of elastic deformation is adequate.

Compaction is allowed to proceed until lower porosity limit 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
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Figure 6 PROPELLANT BED COMPACTION AS A FUNCTION

OF PRESSURE APPLIED TO A PISTON
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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 result 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 granulation 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 governing equations. Diffusion coefficients
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 finite difference technique used to solve the governing equations

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

N I‘ZJ— (-9 0V

Ly
Wy = My -+ My = E = mP"“'t R P
where m_1s the total mass of gas in the system

m_is the total mass of unburned propellant in the system
fob is propellant density

< 1s gas density, and

13 is the volume of the V.ljth grid.

The error, é;, is then distributed over the entire matrix by

e (e ( £7_1_+__e)

iy
Thus, a truly constant mass is maintained throughout the ballistic cycle

although the mass distribution may be slightly in error.
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247 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 calculations 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 projectile 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.

Briefly, the terms of the propellant conservation equations are

evaluated as follows.

a. Combustion:

The combustion or solid mass loss term in the governing equations

was given previously as

.

Meoms = (1-¢) ]pp-A-V—V
where . e . the fractional volume change of propellant during a time

v v
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

- > + (I-d)fuu + (1-0) = Dx -1 2 [Acu-®)]
- olecs i e 3 73

x

The propellant velocity is updated in two stages. This procedure recognizes
that a relationship must exist between the speed of sound in the solid grains
and the values of At and A x in order to obtain the proper integrated results.
Therefore, the convective term is considered separately in the conservative
form. While this is not a rigorous mathematical technique, 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

Aup = Bt D - Li-¢) Ak —4-A““”"¢)]f

Ax A Ax

where

ﬂ.’ = l— Jx+dx - [ JX-AL‘
X 2 4x

These calculations are performed in chamber subroutine PRPVEL and barrel

subroutine PRPPMQ.

€. Convective Terms:

The convective terms in the solid phase mass and momentum equations
are evaluated in chamber subroutine PRPPEL and barrel subroutine PRPPMP. Here
the strict accounting procedure is also followed. The final solid mass in
an elemental volume after combustion is simply

t+at

¢ ;
Mp; = m mconb" = e T Mas

or
t+at ¢ ¢
(1-@; JA; = (1-¢.)4; - (s- S MupdA; at + (/- @ )luy, |4 4t
ax ax
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where ® is the porosity in grid i after combustion is considered and K

represents adjoining grids with a velocity vector directed toward the ith grid.

Similarly, the convective momentum term is included in the final

propellant velocity
t+at t :
(mp “p) =['"P(“P*4“P)]l- BRI TR T CF U B N PR

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 OVERVIEW

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.

5.2 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 initial
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 initially 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 Ax to AXx'
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Figure 7
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and shifts as the projectile begins to move. The grid NGX is still half size

and the mirror image technique is still used with the moving boundary taken
into accecunt. 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 full grid
of width AX and barrel grid 2 is half a grid. This sequence is repeated as

additional grids are added to the barrel matrix.

Several instances were discovered where the current model did not
represent this sequence of events exactly, this especially 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 effect, 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' -
AX/2). AX' (see Figure 8) is initially equal to Ax
and eventually grow to 2/A\X. 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. A 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 effects of the
increased grid volume by use of AX' - AX/2 instead
of AX in grid volume calculation of Subroutine
PROPEL.

d. The effects of the enlarged grid on finite difference
calculations was included by using A X' as the grid
length in Subroutines AXIT2 and AXIT3.

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 coincicde. 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 projectile base
and barrel origin. In addition, 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 ini-
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 the experimental value, the area under the curve is in
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A. ACTUAL CONFIGURATION

I CHAMBER LENGTH SPECIFIED IN MODEL

1%

g DIs1 —hl

DIS2 = DRAM
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Figure9 ILLUSTRATION OF REQUIREMENTS FOR GUN CHAMBER SPECIFICATIONS
IN MODEL
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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 well. The

problem appears to be the 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
virtually no effect. A study of propellant combustion in a closed bomb at
Calspan, Ref. 14, indicated that the effective burn rate falls off drastically
near burnout during the splintering process. An approximate representation
of this fall off as compared to the results of Ref. 14 are shown in Figure 12.
Use of this burn rate curve during the splintering process caused the pressure

curve to narrow slightly.

Reference 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 M1 propellant, 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 fall 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 slight

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 with 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 modifications described 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

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

EXPERIMENTAL/ANALYTICAL CORRELATIONS

A series of eight special lots of Ml multiperf propellant, designated
PAD-PE-490-1-A through H for use in the 105mm howitzer were prepared for the
purpose of determining the incremental effects of various physical, chemical,
and operational factors on propellant performance. This knowledge 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
required 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 analysis information. Other physical data such as grain dimensions and
density were obtained by the propellant manufacturer and appear on the descrip-

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 Appendix C.

The results of these calculations are compared with experimental
firing data obtained by making the special propellant into M67 charges and
firing an M1 projectile from an M2A2 105mm howitzer in Table III and Figure
13. It is seen that the eight special propellant lots fall into two groups
according to perforation diameter, those with large perforation diameters
giving substantially higher performance than those with spaller perforation

diameters. In general, the computed results for lots A-D are higher than
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TABLE III

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

Peak Pressure

l

Muzzle Velocity '

Psi
Lot = &
Comp. Exp
L o 2 SR alnt de

A 30400 28800
B 34300 31000
C 32700 30000
D 35500 32400
E 45600 41700
F 46200 45300
G 49400 46400
H | 51400 47200
REF 28800 34200
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1516

1547

1591

1603

1615

1624

1454

Ft/Sec

Exp.
1443
1491
1484
1510
1583
1605
1614

1618

1532
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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
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 assigned
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

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
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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.

Finally, results being developed under the auspices of the JANNAF
Burn Rate Workshop indicate that closed bomb results are not adequate for
use in computer codes. Computed burn rates from a current workshop data
reduction exercise indicate that loading density has a strong influence on the
burn rate curve as shown in Figure 14. In essence, the effect of loading
density 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.

23 The model is still hampered in its usefulness by
inadequately defined input parameters and an unusual
lack of understanding of certain basic combustion

phenomena.

53

s




‘
S31LISN3A ONIAV01 9N08 A3S010 33HHL 1V SI1VH NHNEG A3LNdWOD L 8nbiy
1sd) ~3HNSSIHd
ov o€ 0z oL 0
. ' . . — - : 0
G0l e e B e IS e
R TR R o e E M RS B e e
H ' ' [ vl Ty A A I b e I e A RSV e T o (15 R sl Lo et S e 4t VIS oo
s A ) st MR e e R T i _ et e e e e
g e e e e MRS T DO T Saey o fops Rodph SRy @
o e . el ke SRl U S e Sk e a8
’ 1 ' 1 L e it el o e e il ol o ) i, o 6 e e e e e i 8 il s i s i el 5 3+ i I i . il s -
| g S ST G S TN S R BT e e e
$ 3 " { “ " " " " ' " 1 ] ' ] u u
el DR S Sy HolRl snilt Spliee USSR R SR S e 7
S e s e S e it e e - :
" : : : : : " : | : " “ " “ ; ; |
: ; _ _ : “ " “ : : | " : : ; : : : :
' . ' t i ' ' i ' ) ' J [l
SN S e B Phee boeneed TR S e denneees 4-eneee- doeenes $eennne $-nmiome $oems oo bomeee e z
S R e R A Sl S U e TR R T tRa
: “ : : ; m w m " " m " : WAL : “
e e e i _
LRSS e SR Tt R R A s e m m
R T S Sew bl SO S B T o S Y | ! g
e e e e o e e N s Y = e e N 1 : T € 3
: ; “ " | m : : m m : =
“ ; 99/wb g0 : ] ' : : ; : 3 -
P e b st T s o (O - IRUIIEE SRS N A TR > b
' ! ! : ' ! ' H ' \ ' H H H m
: ; ” : : : H : : : : : i ;
PIESEE SRR e R ARl <6 "o B S (e i TR e W : 5
" + g ' : ; ' ' ! i i
" " | " " ! " : 2
“ m m m : ] o
........ ! : : AR RS Sl ARG VRS B S
: ” “ i —oQ/wbyo ! : m “ ; m :
' ] 0 ) . . ) 1 1} i ' 1 .
e s e S e e e s
: : _ h : _ n u “ " : “ " :
: n " : : : : : " : “ " | :
' ' . L . . . . . 1] L} ) 1 1
$ o A e W R e iy o il SN S b b e g S S VA AL SR E S y -4 3 e e -
: ' : ; : ! ' v ' 1 v H i v v
. A . . : " : : : “ “ : " “ :
: _ _ ; : q " " ; " " ; : : : : :
: g ST Gt Sl i el SSIGL fIRIUN SR (N DI SR S5
et et e g e e S R N R G N L : Aot 5 9
: i : : " : : . : : : “ ; : : :
. : _ _ _ : : " : : : ; " : ; :
: : _ “ : i “ ; " _ : . . : : :
T .....<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>