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ABSTRACT

Interior ballistics are the events in a gun system that determines the performance
of any gun design. In order to efficiently design any gun system the internal ballistics
should be understood to minimize energy losses and correctly define design parameters.
The goal of this computational model is to develop a ballistics model to aid in gun design.
A computational analysis of the dynamics events aids in the design of the gun system by
providing output information such as pressure, velocity, charge burnout, and projectile
distance versus time profiles. By applying the chemical and physical parameters of the
propellant, gun breech geometry, projectile mass and gun barrel parameters, one can
iterate through design parameters in an attempt to improve gun performance. There will
be several computational models describing the main program being a lumped parameter
internal ballistics analysis. The muzzle velocity of the model has been validated with
empirical testing to at least one gun system and being applied to other gun systems for
further validation on different designs. The validation of the muzzle velocity and breech
pressure will build confidence in the model and allow for the model to be further

developed into a more user friendly program.
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Nomenclature:
Greek and Phonetic symbols are used in this thesis and follow the nomenclature specified unless
otherwise stated.

Greek Symbols

B: Burn Rate Coefficient

0: Shape Function

A: Specific Force

c: Stress

v: Specific Heat Ratio

¢: Volume Fraction

Q: Barrel Resistance /Roughness

Phonetic Symbols

A: Area

A,: Cross Sectional Area

b: Co-Volume

Cp: Specific Heat Constant Pressure
Cr: Specific Heat Constant Temperature
D: Diameter

Ds: Launch Tube Length

ep: Ballistic Efficiency

ep: Piezometric Efficiency

F: Force

H: Enthalpy

KE: Kinetic Energy

M: Central Ballistic Parameter
m,: Charge Mass

m.: Equivalent Mass

my,: Projectile Mass

n: Burn Rate Index

P: Pressure

P.: Average Pressure

Pg: Base pressure

Ppm: Maximum Breech Pressure
PE: Potential Energy

R: Universal Gas Constant

Ryr: Lagrange Ratio

S: Projectile Travel

T: Temperature

T,.: Average Temperature

U: Internal Energy

V.: Chamber Volume

Vmz: Muzzle Velocity

V,: Projectile Velocity

W: Work

X.: Charge Burnout Length

z: Form Function
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CHAPTER 1 INTRODUCTION

1.0 Introduction

Interior Ballistics, the formal definition states that it is all the events inside a gun
system spanning from when the firing pin strikes the primer or ignites the propellant until
the projectile exits the barrel. To begin any design of a gun system the interior ballistics
needs to be well understood and the actions taking place in the gun system characterized.
In the past many gun designs were done by trial and error for lack of a mathematical
description of the process. True mathematical description of the process did not become
prevalent until the mid 18" century. One of the first works describing this process
mathematically was written by Benjamin Robins. His paper “New Principles of Gunnery”
was presented to the Royal Society in 1743. His paper related charge mass to velocity of
given musket balls by using a ballistic pendulum that utilized the concept of momentum
to calculate projectile velocity. Robins made a list of deductions from his experiments;
these deductions along with his work in this area deemed him the name the “Father of
Modern Gunnery”. From Robin’s initial studies came a list of scientists, engineers and
academics to form what now is the base and foundation of ballistics. Some of the early
pioneers include Dr. Charles Hutton a professor of mathematics at the Royal Military
Academy, Chevalier D’ Arcy who attempted to determine the law of pressures, Count
Rumford and later Nobel and Abel who derived the equations of state for propellant
gases. Through the years there has been a great deal of mathematical models developed

to predict ballistic parameters i.e. muzzle velocity and chamber pressure.

Though these tools are good for rough estimates they are mostly empirically
driven. The goal of this research is to gain a deeper understanding of the ballistic cycle
and to understand the thermochemistry involved in this process. The sensitivities of the
ballistic parameters will be studied in a more sophisticated level. This research will
explore several areas of the ballistic cycle, and propellants-which will include the effects
of the propellant characteristics on gun performance. The propellant parameters that will

be studied will be grain geometry, and the number of active constituents of the fill pattern



and burn rates. Also included will be the different equations of state (EOS) used in the
ballistic cycle and the preferred EOS for interior ballistics work. Thermophysics and
Thermochemistry will be explored. There will be three different interior ballistic
approaches explored. The first will be closed formed solutions that are based primarily on
empirical data. The 0™ order model developed by John Corner, and the 1 order model
called the Coppock model will be examined. There will be chemical equilibrium
calculations performed, as it will provide the maximum energy from the propellant and
provide the maximum obtainable pressures and velocities obtainable by the gun system.
The last approach explored will be lumped parameter models, which will be of the most
interest for this research. A lumped parameter model using a Lagrange gradient will be
the main focus and the code to be developed. A comparison of all these models will be
compared to experimental data and to a variety of other input decks of past-published

works.

The physical foundation of interior ballistics is to understand the process between
converting the stored chemical potential energy of the propellant into useful kinetic
energy of the projectile. To achieve optimum gun performance is to fully utilize all the
potential energy the propellant contains and minimize all other energy losses such as
friction, heat loss, projectile drag and recoil, among other potential losses. The way the
propellant converts its potential energy to kinetic energy is by combustion and by
transitioning the solid state of the propellant to a gas state that causes a pressure rise in a
contained volume to do work on a projectile. The process of performing an interior
ballistic computational model is to first establish all the parameters of the propellant.
Thermodynamic analysis will allow you to establish most of the propellant parameters;
most of this data is available from the manufacturer of the propellant. After all the
propellant parameters have been obtained the next step is to define gun geometry and

projectile geometry since these will be the variables that can be adjusted.



CHAPTER 2 INTERIOR BALLISTIC MODELING
2.0 Ballistics Problem

A gun system can be thought as a projectile throwing device in the most basic
sense. The gun system can be broken down to two main parts the combustion chamber
and the launch tube. The most basic view is the chemical energy of the solid propellant is
converted to kinetic energy of the projectile. This is done by combusting the solid
propellant in the combustion chamber as the hot gases are evolved from the burning
surface of each grain of propellant. The chamber pressure will rise rapidly until enough
pressure causes the projectile to accelerate. The projectile will travel down the barrel until
it exits the system. At this point the interior ballistics problem is over and the exterior
ballistics begins. The main problem is to try to use the propellant to the highest
efficiency. In example is to use the least amount of propellant to get the fastest projectile
velocity while minimizing the weight of the gun. The goal is to design the gun system to
the appropriate barrel length by monitoring the charge burnout length and projectile
acceleration. In order to monitor these parameters, interior ballistic curves have been
developed that contain this information. The most useful of these curves are known as

pressure-travel-velocity (PTV) curves.

2.1 Pressure-Travel Curve

The main tool for interior ballistic analysis is the pressure travel velocity curve.
The PTV curve allows one to overlay pressure constraints such as maximum permissible
chamber pressure and gun tube pressure. The curve will allow one to see when the
pressure will exceed these design constraints and let the designer decide whether to use a
smaller propellant load or make the breech larger. However, most launchers have design
requirements that need to be followed. The most useful part of the PTV curve is that the
area underneath it is the amount of work done on the projectile by the propelling gases.
The total amount of work can be characterized by equation (1.1) where Py is the base

pressure acting on the projectile, A,is the cross sectional area of the bore and dS is the



length of the launcher. The equation is sometimes expressed as pressure volume work as

shown in equation (1.2).

W= [ P,AdS (1.1)

w=[P,av, (12)

The kinetic energy term, equation (1.3) will reveal the projectile velocity term by using

the conservation of energy where m, is the effective mass and V is the projectile velocity.

e p

1
W:Esz (1.3)

The goal of a gun design is to maximize the area under the PTV curve without exceeding
the strength of materials in the gun system. The characteristic PTV curve of a gun system

is most dependent on the gun geometry, propellant, burn rate and grain geometry.

Now understanding the interior ballistic problem and the tools used to solve the problem
we need to develop a method of which to measure the performance of each gun design.
There are two common parameters used in ballistic analysis to evaluate the merit of a gun
design. One is called the piezometric efficiency (e,) and the other is called the ballistic
efficiency (e,). The piezometric efficiency is found by dividing the mean pressure by the
maximum breech pressure. The mean pressure is pressure exerted upon the projectile
over the length of the bore that will produce the muzzle velocity of the projectile. The
piezometric efficiency can be expressed as shown in equation (1.4).

my
" ASE,

e (1.4)

Where m, is the mass of the projectile, V, is the projectile velocity, A;is the cross
sectional area of the bore, S is the projectile travel at any time S=x(t) and Py, is the
maximum breech pressure. The higher the piezometric efficiency the flatter the PTV
curve becomes. The ballistic efficiency can be defined as the ratio of the total work done

on the projectile to the total work potential of the propellant.



The ballistic efficiency expression can be written as shown in equation (1.5).

1
Emesz(V—l)
e, :T (15)

c

Where m, is the equivalent mass, 7 is the specific heat ratio of the propellant, A is the
specific force constant and m, is the charge mass. The ballistic efficiencies for most gun
systems average around 0.33 which should be the minimum goal of most gun designs and
for more advanced designs to raise this efficiency. These ballistic efficiencies along with
the other design requirements being satisfied allows one to design an efficient gun
system. Another ratio commonly looked at is the charge mass to projectile mass ratio
where one can associate muzzle velocity and breech pressure to this parameter to have a

rough idea of what to expect for both velocity and pressure.
2.1.1 Propellant Parameters

To properly model the propellant, the physical and chemical properties must be
correctly established. The easiest and most apparent propellant parameter is the grain
geometry. There exists a variety of different solid propellant grain geometries: sphere or
ball, solid tubular, perforated tubular, or flake being the most common. These geometries
play a key role in how the propellant burns. A different geometry of the same propellant
will burn differently by how the size and shape vary. The burn rate type will be
digressive, neutral or progressive. This burn rate type describes the amount of exposed
surface area the propellant grain has as it is burned. Some propellant will reveal more
surface area as it is burned making more combustable surfaces ready to burn and the
pressure to remain for a longer duration but usually with a flatter curve, this is called a
progressive burn type. A neutral burn type will contain a similar surface area ratio thru the
burning process keeping the burn rate nearly constant. A degressive burn rate will have
less and less surface area to burn as it burns resulting in a higher peak shorter duration
pressure curve. The different propellant geometries are shown in Figure 1 Propellant
Grain Geometries. The even more important propellant characteristic is whether the

propellant is single, double or triple based. The differences between single, double or



triple based powders is how many active constituents the powder contains, i.e. single
based powders use nitro-cellulose or nitro-glycerin as the active constituent. The main
difference between different multibase gun propellants is how much gun bore erosion
occurs. An example is that double base gun propellants produce less gas than single base
gun propellants but retain a higher thermodynamic efficiency because of the production of
more heat at higher flame temperatures. In effort to correct the problem of bore erosion,
yet maintain the propulsive capabilities of double base powders, an explosive called
nitroguanidine was added to the propellant mixture. This explosive is known as a cool
burning explosive, this allows the temperatures to remain close to that of single based
powders while maintaining the propulsive pressure sought after in double based powders.
Figure 1 shows the more common grain geometries and their burn rate type. A wide range
of propellants exists and selecting the correct powder is the first important step in gun

design.

PROPELLANT TYPE BURN RATETYPE

DEGRESSIVE

NCIN-PERFERATED CYLINDER

NEUTRAL

SINGLE PERFERATION CYLINDER

PROGRESSIVE

RULTIPLE PERFORATION CYLIMDER

FLAKE ® @ DEGRESSIVE

Figure 1. Propellant Grain Geometries

Figure 2 shows the effect that different types of propellant have on pressure as the

projectile travels down the barrel. The smaller grain propellant will burn faster increasing



temperature, which will increase the pressure quickly. This is due to the fact that small
grain propellant can burn a lot of surface area in a much smaller time interval where as
the large grain propellant has a longer duration of burn which causes a lower pressure
burn because the volume is consistently increasing and the large propellant will last

longer with a lower overall peak pressure.

Small Grain

Pressure

Travel
Figure 2. Pressure vs. Grain Size '

Figure 3 shows the effect of the different burn type and the corresponding typical
pressure curve. It makes intuitive sense that the digressive burn rate would have a fast
rise to a peak pressure and a steep decline back towards ambient pressure. This is because
a lot of surface area is burned and most of the propellant consumed early in time. The
neutral burn type is more consistent having a more bell shaped pressure curve because the
burn will ramp up to peak pressure and return to ambient pressure on a similar downward
path as the surface area of the propellant stick changes. The progressive grain propellant
exposes more surface area as it is burned so it has a latent time peak pressure and lower

typical peak pressure.

! (Krier, et al., 1979)



Degressive Grain

Neutral Grain

Progressive
Grain

Pressure

Travel
Figure 3. Pressure vs. Burn Type *
Figure 4 shows that if the combustion chamber is loaded to maximum capacity it will
have a higher peak pressure and if loaded to a smaller capacity it will greatly reduce the
pressure. This makes sense, as temperatures and fuel will be increased. The A in the

figure represents load density.

High A

Medium A

Low A

Pressure

Travel
Figure 4. Pressure vs. Load Density °

Propellants are selected for specific applications primarily on the basis of their
thermochemical properties and their burning rate behavior. The thermochemical
properties include the flame temperature of the gases produced by the solid propellant
under standard conditions. Since pressures encountered in most guns are 2000-4000
atmospheres a non ideal gas equation of state (EOS) must be used, the most common
being the Nobel-Abel EOS, which includes the co-volume term b. The Nobel-Abel

equation is expressed by equation(2.1). The other (EOS) commonly used in interior
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ballistic analysis is Van der Waals gas law- expressed by equation (2.2). The last EOS
that can be used, but yields less accurate results and is left out of high-pressure
calculations and most interior ballistic analysis, is the ideal gas law shown in equation

(2.3).

P(V —b)=RT @.1)

p=fr_a (2.2)
v—b v

PV =RT 2.3)

The first thermodynamic parameter defined is the specific heat ratio (y), this is a
parameter associated with the ideal gas law. The specific heat ratio can be thought of in a
few different ways as either the ratio of enthalpy to internal energy or the degrees of
freedom of a molecule in the gas to rotate or translate. The specific heat ratio is the ratio
of the specific heat at constant pressure (C,) to the specific heat at constant volume (C,).
When an ideal gas is held at standard conditions the specific heat ratio can be held
constant, but in real gases as temperatures elevate the gases can have increased vibrational
and rotational states therefore increasing the specific heat held at constant volume which
reduces the specific heat ratio. For the model the specific heat ratio will be treated as a
constant using ideal isentropic expansion to be used in the pressure equations. The

thermodynamic relations for the specific heat ratio can be expressed by equation (2.4).

y=— 24)

The thermodynamic relation for specific heat at constant pressure can be expressed by

(2.5).
C = a—H (2.5)
rlar ),
The thermodynamic relation for specific heat at constant volume can be expressed by
(2.6).
oU
C =|— (2.6)



The relation between enthalpy to internal energy is shown in equation(2.7).

(&H]
y= T ) _H Q.7

AN
aT ),
Assuming isentropic expansion, an equation for relating initial and final pressures can be
developed that can be related back to the ideal gas law. These equations will be important

in establishing the pressure and volume relations that will relate breech chamber volumes

to corresponding pressures that will aid in the design of the chamber volume geometry.

RV =RVY e8)
B_(BY_(EYRY 29
B \" I | A .

y-1
-%:[%Jy (2.10)
1 1

The specific force constant also referred as the impetus force is a constant that
will need to be established. This constant describes how much energy per mass can be
obtained by burning propellant. This parameter is important because it provides
information on how much total energy is available. It assumes adiabatic conditions
meaning no energy is loss to heat, which we know is not the case, but will provide a good
approximation because heat loss is minimal. The specific force (1) constant can be
calculated by knowing the molar mass (M) the universal gas constant (R ) the specific

gas constant (R) and the adiabatic flame temperature (T,).

R
R=2 2.11
M 1D
A=RT, (2.12)

The next propellant parameter to identify is the burn rate, which is the rate that the
powder burns. The manufacturer usually performs this and they are usually able to

provide these values. Appendix A shows an example of a sheet obtained from the
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manufacturer for propellant characteristics. If one cannot obtain the values from the
manufacturer a strand burner could be used to extrapolate the burn rate or a closed bomb
test could be performed. The burn rate is usually in (in/s) or (cm/s). The burn rate
coefficients are used in the burn rate law to establish the burn rate of the propellant. The
data obtained from closed bomb tests or strand burners are commonly fitted to de Saints
Roberts equation or commonly known as the burn rate law. The burn rate can be
calculated by the burn rate coefficient (j3), the burn rate index (n) and the average
pressure (P,) resulting in equation (2.13).

dx ;

m =[P (2.13)
The next parameter to identify is the gas co-volume (b). This parameter describes the gas
expansive volume. The reason the co-volume is so commonly used is because of its
characteristic to remain approximately constant over a large range of pressures and
temperatures. The co-volume depends greatly on state parameters making it an ideal
parameter for thermodynamic analysis. The next parameter applies to loading
information, which is the propellant load or mass. This will determine how much energy
there is available to the system. The propellant load or the charge mass (m¢) will be a
tunable parameter depending on desired velocity. The solid propellant density (ps) also
needs to be known to determine how much mass occupies a given volume usually the
breech volume, the shell or casing. The parameters discussed above will provide most of
the information needed to make a model for the propellant information. There has been
work done exploring the sensitivities of these parameters on muzzle velocity and
chamber pressure. This gives the interior ballistician an understanding of the importance
of the ballistic parameters in effecting gun performance. The effect on muzzle velocity

can be seen in Figure 5. The effect on chamber pressure is shown in Figure 6.
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Figure 6. Chamber Pressure Dependence vs. Ballistic Parameters °

Now that the propellant parameters are understood in their basic sense and their effects in

gun performance noted the gun geometry now can be explored.

There are various parts to any gun system. It is important to understand the
various parts of their role in the performance and functionality in the gun system. The
most basic gun components are the breech, the breechblock, the reaction chamber where

the combustion process occurs, the shoulder also called the chamfer, the bore, the

12



muzzle, the chase and the slide cylinder. A schematic of the typical gun system is shown

in Figure 7.
—
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Key: A = breech E = baginaing of lands
B = breechblock F = rifled bore
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I = glide eylinder
|

Figure 7. Gun Schematic °

The gun geometry is usually fixed by design constraints. The parameters usually tuned in
gun design are the reaction chamber diameter and length, the bore diameter and length,
the shoulder and whether the gun is rifled or a smooth bore. The reaction chamber
volume is the most crucial parameter because it determines the overall confinement or

propellant load available and where the pressure driving the projectile is developed.

2.1.3 Projectile Parameters

The last parameter that can be explored is the projectile design. The projectile design
could be a subject of research all on its own. However, the most import parameters and
how it effects the interior ballistic calculations will be explored. The most import
projectile parameter is the projectile diameter and the mass of the projectile. There are
many ways to design a projectile with each having its own unique capability. In example
many heavy weighted projectiles use a sabot system especially in hyper velocity
launchers. The lighter materials may be used with larger diameter projectiles to still
achieve the high surface area on the back to allow more pressure while being able to

lighten the overall projectile mass. The sabot also allows for multiple projectiles to be

6 (Krier, et al., 1979)
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used in the same bore gun. The projectile design is also important in barrels that are
rifled, the material being used and the amount of rifling will all dictate the projectile
design. The code being developed at Sandia will only take smooth bored gun barrels into
consideration, however one could model rifling by increasing the bore friction parameter

in the code to model a rifled barreled gun.

2.2 Numerical Techniques

There exists a variety of numerical techniques to try to describe the interior ballistic
process; those being chemical equilibrium, closed bomb formulations, zero order
analytical methods and lumped parameter methods. All methods will be explored to
compare the accuracy and usefulness of all models. By exploring all the different models
available we will be able to compare the developed lumped parameter model to existing

models and also to empirical data to test for accuracy and usability.

2.2.1 Chemical Equilibrium Calculations

In order to perform a chemical equilibrium calculation one should have a baseline
understanding of thermophysics and thermochemistry. Thermophysics can be thought of
as the quantification of changes in a substance’s energy state caused in the physical
changes of the material. Thermochemistry is then the quantification of changes in a
substances energy state caused by the chemical composition of the material’s molecules.
Combustion is the natural outgrowth of thermophysics and thermochemistry because
combustion is the quantification of energy associated with fuel-oxidizer reactions. In
order to perform the analysis one needs to think of energy in two forms - potential and
kinetic energy. The gun launch physics can be thought of as a balance of energy between
kinetic and potential. To start to formulate a thermodynamic description of the problem
we look to the conservation of energy and thermodynamic equations. One of the first
equations considers work, internal energy and enthalpy. It is usually written in the
differential form but can also appear without the differential as seen in equations (2.14)
and (2.15).

dH =dU + pdV (2.14)
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H=U+pV (2.15)
When a substance changes form chemically or physically energy is either absorbed or
released. The method used to quantify these energy changes is through heats of
formation, which is the same as an enthalpy change. To quantify whether products are
being released or absorbed we look at the equation for heat reaction (2.16). If the heat of

reaction is a negative number, heat is liberated by the reaction. If the heat of reaction

AH' is positive then heat is absorbed.

AH = Y AH; - Y, AH; (2.16)

Products Reactants

The heat of combustion AH is obtained when propellant is burned in a closed volume.

Equation (2.16) is modified to reflect a combustion heat reaction.

AH = Y AH;— Y, AH; (2.17)

Products Reactants

This concept will come into play when the first law of thermodynamics is considered.
The first equation to establish is an energy representation for the system that will account
for all the energy available. We can define energy for any system as (2.18).
E=U+KE+PE (2.18)
(E) is the total energy comprised of the internal energy (U), kinetic energy (KE) and the
potential energy (PE). The Lagrangian approach relates the energy to the thermodynamic
process where the material is of a fixed mass. The first law of thermodynamics states that
the energy added to the system plus the work performed on or by the system equals the
change in the energy state of the material. The i stands for the initial state and the f for

some final state. The first law of thermodynamics can be expressed by

Qz‘—f +Wi—f =AE,

- (2.19)

Replace E with the energy defined for the system as (2.18) so the equation becomes
(2.20) where u is the internal energy.

O +W_, = m((u ; +%Vf )— (ul. +%Vf )J (2.20)

The internal energy can be replaced with the equation for enthalpy so the equation

becomes (2.21) where V is the velocity.
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O +W_, = m((hf —-pv, +%ij )—(hi -pv +%Vi2 D (2.21)

The first law of thermodynamics in its rate form is written as the equation (2.21).

dQ  dW _dm L.
dt dt dt out

dm 1
uout +5 out + poutvout )_ Ein (uin + E an + pinvin ] (222)

This equation becomes important because it will allow a solution for the work being done
on the projectile and finally the muzzle energy after removing the projectile velocity. The
concept of a fixed control volume (CV) can model the combustion chamber of the
launcher. The model of the combustion chamber along with equation governing the

thermodynamics can be seen in Figure 8 and equation (2.23) respectively.

M
_.’

"ﬁluel Mproducts
— [ [ ]

Figure 8. Combustion Chamber Model ’

40, dW _dm (hmm+iyz )_d_m [hﬁiyz

dm 1,
dt dt dt sroducs 7 products dt i ai 7 air )__ [hfue[ +5Vfuel ](223)

dt Sfutel

Through chemical reaction equation there must be a balance in order to determine
the energy converted. . Knowledge of the species of the air and fuel in order to perform
an equilibrium balance is necessary. Assume a convention presented in many
thermodynamic textbooks. Air will be modeled as being a mixture of N, and O, with
oxygen being 21 percent and nitrogen being 79 percent. In order to figure out how many

moles of oxygen exists to nitrogen one divides nitrogen by oxygen.

9 [ Moles N, }

Mole air ] _ 5 ;¢| Moles N, (2.24)
21[Moles 0, } Mole O,
' Mole air

" (Carlucci & Jacobson, 2008)
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The air is relatively simple however the species for propellant are numerous and have
multiple species. The composition can be obtained from most manufacturers; an example
of one of the propellants used in this study can be seen in Appendix A under propellant
characteristics. The composition of this particular propellant contained nitrocellulose
which is the energetic function, nitroglycerine which is an energetic making double base
propellant, diphenylamine which is a stabilizer, potassium nitrate which is used as a flash
suppressant, carbon black which is an opacifier deterrent which can be used as a burn rate
modifier, graphite which is used as a static reduction agent and residual water and
solvents which make up less than 1 percent. The combustion gas composition products
can be calculated by a code such as BLAKE, CHEETAH, CEA or NASA Lewis to find
the equilibrium composition. Chemical equilibrium assumes a complete reaction.
Chemical equilibrium is reached when the rate of the forward reaction equals the rate of
the reverse reaction. In interior ballistics this will determine the maximum theoretical
energy available to do work on the projectile because it assumes that propellant has been
completely reacted with the oxidizer. The enthalpy of the reaction products is what needs
to be calculated in order to determine the muzzle velocity. A sample calculation is shown
in general variables the dummy variables can be replaced with the constituents of the
propellant being explored. This calculation shows the maximum feasible muzzle velocity
from the mass load of the propellant. The process for finding the muzzle velocity is to
first determine the reaction products of the reactants, which will be air and the solid
propellant. A general form for this type of calculation is seen in equation (2.25) where o
is the number of moles of reactant species A and f3 is the number of moles for reactant
species B, o is the number of moles for product species S and T is the number of moles

for product species T.

oA+ fB——ocS+1T (2.25)

The forward reaction rate or the reactants rate can be expressed by (2.26)
Foward Reaction Rate = k,A“B P (2.26)

The reverse reaction rate or the product rate can be expressed by (2.27)
Reverse Reaction Rate = k. S°T" (2.27)

The equilibrium constant K is defined as the ratio of forward and reverse reaction rates.
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K:%: ja;ﬂ (2.28)

This type of balanced equation is an example of a stoichiometrilcally balanced equation
using a molar basis. There are times when a particular propellant or fuels is burned that
either too much air is used which results in an over oxidized state or too little air is used

which results in a under oxidized state.

2.2.2 Closed Bomb Formulation

The closed bomb formulation is a useful way to determine propellant parameters
and though mostly an academic exercise it is useful in understanding the characteristics
of the combustion process. The most useful parameter to solve for is the propellant burn
out time which is the calculation shown here. The propellant mass is handled in mass
fraction terms with the web fraction being the crucial parameter. The amount of
propellant remaining is determined by (2.29). The web fraction ( /') is going to be used
to determine the amount of unburned propellant where (D) is the original diameter of the
propellant grain and (d) is the diameter of the propellant at any given point in time. When

the propellant is completely consumed d=0 and therefore f =0 and the propellant has
been completed burned and evolved into gas.

d(t)=fD (2.29)
The volume of the propellant that has evolved into gas develops a parameter that tracks
the fraction of propellant burnt ¢ . This will be called the propellant fraction function
(PFF) and is a propellant geometry driven relation. The PFF for a single perforated grain

can be expressed as

o) =1-f(2) (2.30)
For most general shapes of propellant the PFF can be expressed by a quadratic function
of web fraction through use of a shape function 0. The relationship between web fraction
and time is shown in equations (2.31) and (2.32). The time when all the propellant has

evolved into gas is the burnout time (t,).

£(0)=1 (2.31)
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f(,)=0 (2.32)
a@)
D

The relationship for most shapes can be expressed by the quadratic function shown in

f= (2.33)

equation (2.34) where (0) is the shape function which is different for every grain

geometry, 0=0 is for a single perforated grain and 6=1 for cylindrical grains.

o) =[1-f(OI+61 ()] (2.34)
A relationship between the propellant burning and the pressure must be established. The
burn rate law is related to the time rate of change of the web. Two different burn rate
laws are commonly used in interior ballistic analysis and are provided in equation (2.35)
and (2.36). The symbol [} represents the burn rate coefficient and o represents the burn

rate index.

df o
DL =_BpP 2.35
” PP (1) (2.35)

D%:—,B(Pg(t)—Pl) (2.36)
To choose an equation of state and for the closed bomb formulation analysis here is based
on the ideal gas equation of state. From this equation of state develops a propellant gas
mass to propellant charge mass that can relate back to the quadratic function developing a

new equation (2.37)

oy =" (237)
m

c

Resolving the burn rate law for pressure obtains a relation for pressure as a function of
the burn rate coefficient (8), the rate of change of the web and the initial web. The
resulting pressure equation is shown in
D d
po=2% (2.38)
B dt

It is more convenient to represent the pressure in terms of the fraction of propellant burnt.

f(0)=y1=9(t) (2.39)
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Differentiating this equation with respect to time, the expression allows this equation to
be plugged back into the pressure equation. Then by relating the pressure equation back

to an equation of state allows for solving parameters of interest.

ﬁ:_—lﬂ (2.40)
dt 2 1-¢(2) dt
D d¢
P, = — 241
5(0) 28 1-(¢) dt A1)
P,(6)V =m (6)RT (1) (2.42)

Introduction of the propellant force (A) is required to relate the temperature in the
equation of state. The propellant force is the amount of energy released under adiabatic
conditions. It is the most energy that can be obtained by burning propellant. The specific
force can be expressed by equation where (R) is the specific gas constant and (T,) is the

adiabatic flame temperature.

A=RT (2.43)

B,(t)V = Am,(t) (2.44)

Am@) D d¢ (2.45)
Ve 2B1-¢(t) dt

Amg(ty D dp 246)

v 2BJ1-e() di

1 dg 2[Am,

o(O1—g(t) dt DV (2.47)

Equation (2.47) could be used to solve for a variety of unknown variables and can be
integrated to solve for the charge burn out time. The closed bomb test is also useful in
determining the burn rate coefficient of propellant because one could set up an apparatus
where the (V) and (P) could be controlled and (T) measured and (3) calculated with
equation (2.47).
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2.2.3 Corner’s Model

Corner’s model is a popular closed form solution used in interior ballistic
analysis. It has been developed through empirical data and has been proven to be a useful
tool for providing maximum values in an interior ballistic analysis such as pressure at
charge burn out, the maximum breech pressure and the muzzle velocity. Since the
pressure is the main concern in breech and barrel design it can provide aid in a gun
design. It can be used as an initial start off point to discover a range of operation. Some of
the benefits of this solution is that is uses a variety of dimensionless ballistic parameters.

The input parameters needed are the projectile diameter, the charge mass, the
solid propellant density, the bulk propellant density, the burn rate coefficient, the gas co-
volume, the specific heat, the propellant force, the chamber volume, the adiabatic flame
temperature, the specific gas constant, the barrel length and diameter.

The first ballistic parameter described in corners method is the central ballistic
parameter. This dimensionless parameter is used to reduce cumbersome calculation and is
a function of the gun, the charge and the projectile. The central ballistic parameter is
derived through the conservation of energy, momentum and continuity equations. The
equation for the central ballistic parameter (M) is shown in equation (2.48). where A, is
the area, D is the web fraction, m, is the charge mass , m, is the projectile mass, A is the

specific force and [ is the burn rate coefficient.

mC
- 1+
4,D 3m,
M = 5 . (2.48)
m,m AP -
1+—=<
I 2mp |

The mass fraction of the propellant is the next parameter to be established it is a function
of the central ballistic parameter (M) and the shape function (0). The shape function is
determined from the propellant geometry. The mass fraction f, is shown in equation
(2.49).

_M+60-1

= 249
S M +286 (249)
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The Lagrange Ratio (R,) is used in the breech pressure equation and the last
dimensionless parameter (Q).
1+ Me

2m
R, = b (2.50)

3mp

The dimensionless parameter (Q) is a function of the gun geometry, the Lagrange Ratio

(R,) and the propellant specific force.

0= ﬂml;RL (2.51)

The volume fraction of the propellant is a function of the central ballistic parameter and
the shape function and is shown in equation (2.52) where ¢ <o.

_(M+6)(1+0) ) 55
$ (M +26)’ (22

The maximum breech pressure will be a function of the two dimensionless parameters Q

and M and is shown in equation (2.53).
B e = 00— £, ) (2.53)
The other pressure measurements that can provide useful design information to the

interior ballistician is the pressure at the charge burn out time. It can help the designer to

determine how long the barrel or breech needs to be in order to be efficient.
P =Qe™ (2.54)
The charge burnout length, and the velocity at charge burnout may be other parameters of

interest. The charge burnout length is shown in the following equation.

x,=Le" -L

c

(2.55)

The @ value needs to be calculated which is a function of the specific heat ratio and

qnzi{ELB’LLC ]—1} (2.56)
1=y x.+L,
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The velocity equations include the charge burnout velocity v,., the average velocity v,,

and the muzzle velocity v,,,. They are shown in equations(2.57), (2.58) and (2.59)

respectively.
Vie = AP—D (2.57)
)
B o G/, (2.58)

ﬂmp {1+ 2m°’ }
m,

(2.59)

Corner’s method is a good initial analysis and a relative simple analysis that can be
completed by hand or with a math program such as Maple ®, Mathcad ®, Mathematica
® or Matlab ® to list a few. Closed form solutions are convenient because they give you
a basis of what parameters are important and how they can affect the overall performance

of the launcher.

2.2.4 Coppock's Model

Coppock’s model is another type of closed form solution. Again this type of
solution is an analytical solution and is useful in testing the convergence and accuracy of
a numeric model. It provides a good starting point for understanding a numerical solution
and like chemical equilibrium provides a check against a solution obtained through
numerical techniques. Coppock’s model will be covered in more detail than Corner’s
model because it proves to be the more accurate model for muzzle velocity. The
equations used in Coppock’s models are based on some general assumptions. The first
assumption is that the powder mass burn rate is proportional to the chamber pressure and
the surface area of the powder. The surface area of the powder is computed as it burns.
The powder burns at the breech pressure. The increase in volume behind the projectile
with projectile travel is adjusted appropriately. The pressure gradient between the breech

and projectile base is computed and assumed to be constant on the charge weight and the
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projectile weight ratio. The model assumes a few correction factors for the powder
energy content, the gas heat capacity and use of the ideal gas instead of a more
sophisticated EOS. The model attempts to approximate mechanical losses of energy such
as friction and recoil by raising the projectile mass by a few percent. Heat loss to the
barrel is estimated by the Thornhill method.

The burn rate of the propellant is handled very similar to Corner’s method. The
form function for the grain shape is handled slightly different however. The mass of the
gas produced will be equal to the mass of powder that has burned which would be
proportional to the volume of the powder grain that has burned. Coppock’s model uses a
volume fraction of the powder burned which will also be similar to the way the lumped
parameter models will handle the propellant. Coppock calls the form function in terms of
a parameter called (z) which can be established for various grain geometries with
equation (2.60).

NARL0
V

o

(2.60)

z

To illustrate this we choose a single perforated grain geometry with a wall thickness (W),

radius (R) and length (L) the geometry would reflect Figure 9.

Figure 9. Single Perforated Grain Geometry

The initial volume of this grain can be described by (2.61). where D is the perforation
diameter.

V,=27RDL 2.61)

At time equal (t) the wall thickness term would reflect equation (2.62) and the length (L)
would reflect equation (2.63).

D—(1- /)D= /D (2.62)
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L=(1-1)D (2.63)
The volume at time equal (t) would then be a function of ( /') which would result
equation (2.64)
V(t)y=2nRfd[L—(1- f)D] (2.64)
Substituting (2.61) and (2.64) the initial volume and the volume at time (t) into equation

(2.60) an equation for the volume fraction (z) is developed

__2#RDL- 272RD[L—(1- f)D]

(2.65)
27RDL

Simplifying this expression

z:(l—f)[1+f§] (2.66)

This expression allows one to develop a general expression based on a shape function
called (0) which will represent certain grain geometry. The general form equation is

represented by equation (2.67)

z=(1-)A+6f) (2.67)
An example of the different grain geometries is shown in
Type f 0 Z
Solid Cylinder 1 1 - H1+ 1)
2D
Flake / Disk 0 2D -1 1+—f
L L
Ball 0o 1 (1-fY
D
Single Perforated Cylinder | 0O % a-1 (1 + Tf]

Table 1. Volume Fraction Equations

The form factor used is determined by the burn characteristics of the powder. If itis a
neutral burning powder the form factor would be zero, a digressive powder would be a 1
for the form factor, and a progressive powder will be a -1 for the form factor.

To start to form a solution all the equations regarding the physics and thermochemistry
must be recognized and then appropriately related. The first equation will be the equation
of motion for the projectile. Newton’s second law will be used to correlate the breech

pressure to the velocity of the projectile.
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F=ma (2.68)

The projectile mass (m,) can be substituted and the acceleration term can be replaced with

the time derivative of velocity

_dv
dt

The force term can be substituted with base pressure multiplied by the projectile base
area.

a (2.69)

F=P(x)4 (2.70)

Replacing all the terms in the equation of motion the equation becomes

Pb(x)A:mp% (2.71)

The next equation to be established is the equation state of the gas. As stated before most
interior ballistic analysis uses the Nobe-Able equation of state. This equation of state is
used because the ideal gas law yields to be accurate at higher pressures experienced in
gun chambers. The co-volume term can be thought as a term of correction for this

breakdown.
P(v—b):RT (2.72)

The impetus force is a function of the specific gas constant

F=A=RT, (2.73)
One of the initial assumptions was that the process is carried out under adiabatic
expansion. An adiabatic expansion process implies that the heat cannot be transferred
across a boundary- instead all the energy is given to the gas and results in the gas gaining
or losing heat according to the heat capacity of the gas. The energy that is absorbed by
the gas written in differential form is shown in equation (2.74) where (n) is the number of
moles, (C,) is the specific heat and (dT) is the differential of temperature.

dE =nC dT (2.74)
Since the work is equal to force multiplied by the distance we can make the relation that

the pressure multiplied the volume is the amount of work performed.

—PdV =nC,dT (2.75)
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If we substitute the ideal gas law into equation (2.75) we get equation separating the
variables

TRT 4y = e ar (2.76)
c Y __pd Q2.77)
T v

From thermodynamics a specific gas constant is the heat capacity at constant pressure
minus the heat capacity at constant volume. Substituting this relation in for (R) equation

is generated.

C,-C =R

& G_R

CV CV CV
=_r
e

v

specific heat ratio vy is used to create a relation between the specific gas constant and the
specific heat at constant volume that can be substituted into the adiabatic expansion

equation.

dT dv
—=—(y-1)— (2.78)
7 =—(r-1)7
The adiabatic expansion equation can be expanded by integrating between the initial state

and the final state 1 and 2.

T V.
In| =% |=—(y-1)In| == 2.79
n[ﬂ ] (7/ ) n[V] ) (2.79)
y—-1
L_(n (2.80)
I\
RV =PV, (2.81)

The conservation of energy becomes important, as energy must be conserved through the

internal ballistics process. The work done by the gas goes into heating the barrel and

27



doing pressure-volume expansion work accelerates the projectile. The work done by the
gas is equated in terms of the heat capacity, temperature difference, pressure volume
work and heat loss. The energy equation for the interior ballistics process is shown in

equation (2.82) where (T,) is the initial temperature and (E,) is the energy loss to heat.

"E C(T,~T) = A[ Pdx + E, (2.82)
The temperature can be replaced with equation of state and moved to the right hand side.
P(V-b
MECT =mzC, LUSDN A[Pdx+E, (2.83)
m R

w

The specific heat (C,) can be substituted with terms of the specific gas constant and the

specific heat ratio.

P(V—b
mz RT, _mzP( )+Ajpdx+Eh (2.84)
m, (y=1)  (r-1)

The RT, term can be replaced with the impetus force of the propellant resulting in

equation (2.85).
Pmz(V—-b
Amz _ Pmz( )+Ajpdx+Eh (2.85)
(r=1) (=1

Equation (2.86) is the total volume occupied by the gas that is equal to the chamber

volume minus the volume of the solid propellant plus the volume of the bore behind the
projectile.

m, (1-z)
p

Substituting equation (2.86) into the energy equation gives a final expression for the
energy.

mzV =V, + Ax— (2.86)

Amz P Ay
<y—1>‘<y—1>(Vc .

me BT, sk, 87
P P

The energy equation of (2.87) can be further simplified but it is helpful to understand the
pressure gradient in the ballistics process. The pressure gradient is known as the
Lagrange pressure gradient. There are two pressures to be considered the pressure from

the equation of state of the gases and the base shot pressure. There will be a pressure
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gradient from the breech of the launcher to the base of the projectile due to the inertia of
the propellant gases. Lagrange was able to solve this problem by considering a volume
element at position 0 where o is a fraction of the distance from the breech to the
projectile base. If (V) is the volume at any moment between breech and the shot base
then oV will be the volume behind the cross section at (o). A volume element at o will
have mass of gVdo. The velocity of the element will be ov the momentum of the volume
element is ovgVdo. The time derivative of the momentum gives the inertial force, which
is equal to the force from the pressure on the section. This results in the following

equation.

d(ph

M =—4 ar (2.88)
dt do

Integrating both sides of the equation and substituting the equation of motion (2.91)

derived earlier establishes equation (2.93).

j_ j va (2.89)
A(P-P)= jﬂada (2.90)
AP =m % 291)
PPP = va)m do (2.92)

s P

By integrating the right hand side in terms of o the equation becomes

S

P 2mp dv

P-P m, d(zv) (1_0_2) (2.93)

s

If equation (2.93) is solved for breech pressure (P,) where 0=0 and combined with the

original equation the equation becomes

P-P=(1-0")(B,-P) (2.94)
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The average pressure can be expressed as equation (2.95) if it is solved using the

expression for P developed earlier in (2.88) then the average pressure becomes equation

(2.96).

o=l
P,= | Pdo (2.95)
o=0
1
P = §(2Pb +P) (2.96)
Equation (2.96) can be resolved in terms of any of the pressures resulting in equation
(2.98)
L[ (2.97)
P 2m
s P
P = £ - L (2.98)

K m m
1+ —< 1+ —<
2mp 3mp

The kinetic energy of the propellant gases can be done by the same process integrating

over o since the same process is performed the results will only be presented.

o=l
KE = j %pVazvde' (2.99)
o=0
oV =mz (2.100)
1 2
KE =—m_zv (2.101)

Coppocks model assumes that 5% of the energy of the projectile goes into friction and
recoil of the launcher system. This energy is accounted for by increasing the projectile
mass by 5%. The energy for the mechanical portion, which was left in the integral form
in equation (2.87), can now be replaced with the kinetic energy terms. The integral

equation will become equation (2.102)
Ajpdle(l.osm )v2+lm,v2 (2.102)
2 ’ 6 °

To make the calculation less cuambersome we can make just one kinetic energy term by

using a dummy variable (o) for his derivation.
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1
0{=1.05mp+§mc (2.103)

KE = %avz (2.104)

We can treat the kinetic energy of the heat loss to the barrel in a similar way by assigning

a fraction of the kinetic energy term as ()
E,= % qov’ (2.105)

To reduce calculation we generate a term called the effective gamma that is used to keep

the analytical solution manageable

(7, =1)=(1+2)(r-1) (2.106)
Eh
= 2.107
2=% (2.107)
E =ton? (2.108)
s_2 .

The only problem with this term is that the final projectile muzzle velocity needs to be
known to solve the equation. The solution is achieved by iterating the calculation several
times until convergence is achieved. The heat loss to the barrel is calculated through an
empirical equation that is a function of the powder charge, temperature and bore
dimensions. The Thornhill formulation was based on many test firings combined with
theoretical calculation for the total heat loss to the barrel.

_10.13Hd,Y,

E (2.109)
h Ab

H =.0127QT./d, (2.110)
T,-T,

7= e Tow) (2.111)

- 2 \86
1.7+.38\/Z[db]
mC

3

)
E, :_M (2.112)
A,TQ
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Now that all the equations have been developed a Coppock solution can be performed.
To summarize there are four basic equations driving the interior ballistic process-first the
powder burn rate equation, second the powder form function that relates the mass of gas
produced to the linear function of the powder grain that has burned, third the equation of
motion for the projectile and lastly the conservation of energy equation which must be
balanced including all components of energy. Now that all the equations are accounted a
Coppock solution can be carried out. The parameters that need to be supplied are shown
in the input parameter list. The output equations are shown as functions of the input
parameters and other output equations as they are solved. Mathcad an engineering
calculation software was used for the analytical solution and an example problem is
provided in Appendix C for the Coppock model. The first equation is the ratio of breech
pressure (2.113)

R, = (2.113)

The Thornhill heat loss equation (2.114)

3SL+1
397Qd2 e (7 7 )

E, = n (2.114)

.86

1.7+.38Vd | &
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Input Parameters

d, : Diameter of the Bore

A: Area of the Bore

m, : Charge Mass

m , : Projectile Mass

w, : Adjusted Projectile Mass

p . Solid Propellant Density

D: Web

L, : Powder Tube Length

A: Impetus Force

T, : Adiabatic Flame Temperature
L, : Barrel Length

[: Burn Rate of Propellant

V., : Chamber Volume

Q) : Hydronamic Barrel Rougness (1.25-1.4)
b: Co-volume

v, . Estimated Muzzle Velocity

The output equations are shown and explained for clarification through the example in
the appendix C. The kinetic energy of the shot and gas is shown in equation (2.115).

E :l(wl+”;c )vmz (2.115)

sg 2

The fraction of shot and gas energy lost as heat is used to evaluate the effective gamma.

Eh

= 2.116
2= (2.116)
n=01+x)(r-1)+1 (2.117)

The effective gamma vy, will be used in the peak pressure equation and the (F, equation.
The Coppock solution like Corner’s method also uses the central ballistic parameter

equation (2.118) to (2.121)

A*D?
M = (2.118)

m A (w, + n;" )Rbaz
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6’1:9+%(71—1)M (2.119)

z, :1—%(71—1)M (2.120)
6

=2 2.121

M 2121

There must be a dimensionless covolume correction used in the pressure equations and

the expansion ratio equation.

1 \m
=|ph—— |—< 2.122
n [ 5],410 (2.122)

Fo= Y (ewIL;/1 -2)+(3y,+1)r+27° 0.123)
(2(7/1 +1)+1'j(;/l +27)

The peak pressure equation is shown in equation (2.124).

—1
~2)M +46
R=/lmcR"”[((e+7‘ ik )—UFM) (2.124)

Al (1+6)

The Coppock solution has a conditional statement that allows the user to know if the peak

pressure occurs before or after the propellant is all burnt.

if M 2(1-6) [1 + [b - %] h ] then Peak Pressure occurs before all burnt

ba

The Coppock solution gives the distance at which all the propellant is consumed. It is
done by calculating three different ballistic coefficients and plugging them into equation

(2.128).

A, =1(1-n) (2.125)
B =} 1+6 . 7/177M(1+67)2 (2.126)
"z, (M +6,)(M+26)
-0)M -26°
C,=nlz, (-9) i (2.127)
(M+6,)(M+26)
X, =B,+C,— A4, (2.128)
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Coppocks Model also provides a solution for the fraction of propellant burnt at the
maximum pressure.

o ALPR
/?’mcRba

(2.129)

Since only a fraction of the propellant is consumed, a new effective gamma y, must be

established.

:1 2
V = — -130
P l+k ( )

é‘z;fp—;/ﬁl (2.131)
The fraction burned at peak pressure represented by equation (2.132).
fo=1-| 1 (2.132)
EM +26,
The volume fraction represented by equation (2.133)

Z, = (1"'?]3/5?\;9"'91) (2.133)
1

The mass fraction represented by equation (2.134)

¢, =(1-f)1+86f1,) (2.134)

The distance at maximum pressure is found in similar manner as before solving for the

ballistic coefficients with the new found values for the propellant information.

4,=1(1-n¢,) (2.135)
;/177M(1+9)2
= - 2.136
B, lc(eM+4t91)(1 (M+01)(M+291)] (2.136)
1+0) (y. M (EM +26)-26(M
o (L) (1M (EM+26)-26(M +6))) o137
" (M+6)(M+26)
2
E, =—(§M+291) (2.138)
(EM+6)

These ballistic coefficients can be plugged into equation to establish the distance of the

maximum pressure and the fraction of propellant burnt at this location.
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v =BGy (2.139)
Em Em

The maximum pressure then can be written as equation (2.140)

_ mAR,(1+0)(EM +6)
A(EM +26,) (x, +1.(1-718,))

The last equation to be established is the muzzle velocity. The first formula the muzzle

(2.140)

m

velocity requires the expansion ratio for the all burnt powder equation (2.141)

r:M (2.141)
x, +1(1-1)
2(1= 4
q>zu (2.142)
(r-1)
b Am, (M +Z,®) (2.143)

me m .
w +—°
3

The Coppock solution is a useful analytical solution. This could be programmed into a
graphing calculator or easily implemented into a mathematical package or even

performed by hand.

2.2.5 IBHVG2 Lumped Parameter Model

The IBHVG2 Model was developed by the Army Research Laboratory at the Aberdeen
Proving Grounds in Maryland. The IBHVG2 model is a lumped parameter model that is
an advancement of the Baer-Frankle model. The model was original written in the
Fortran programming language. A Matlab compiled version from Dr. Amer Hammed
from Cranfield University of the UK at the annual Aeroballistic Range Association
(ARA) meeting in Baltimore was obtained for this study. The IBHVG2 model has been
the mostly widely used interior ballistic model in research laboratories in the United
States. The IBHVG2 model has been proven to be a reliable tool in the use of launcher
design and has proven to be one of the most accurate lumped parameter models. The
object of this study is not to establish the accuracy of the IBHVG2 model but to compare

the lumped parameter code developed to other accepted lumped parameter ballistic
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models. For the validation of the IBHVG2 model refer to references. A source code for
the IBHVG2 could not be obtained so it is treated as a black box type software with an
input deck and output deck. The main reason for the development of this lumped
parameter ballistic code given in this study is to gain a deeper understanding of what is
driving the lumped parameter model. From the literature the IBHVG2 model uses the
assumption of uniform and simultaneous ignition of the entire propellant charge,
combustion assumed to take place in a well-mixed reactor. The burn rate is determined
by the instantaneous space mean chamber pressure. There is an assumed longitudinal
pressure gradient superimposed on the solution at each instant in time to appropriately
reduce the pressure on the base of the projectile.

The input screen for the Matlab ® graphical user interface is shown in Figure 10
the numbers shown are the default numbers that can be edited to any desired value. The
output deck is shown in Figure 11 it can display pressure versus time, velocity versus
time, heat versus time, propellant burnt versus time or any of those parameters versus
distance it also gives a summary option and an output deck in a text file. The output deck

will be used in comparison of my own lumped parameter ballistic model.

— Gun Dstail —Ghel
Shot Mass (ko 03
Rame: Braeching Gun e e - =
Charge Mass (ko) 0158
Bate Diameter (m): 0.03 Prirner Mass fkg) 0.002|
Shit Traval (r) 224 Heat Transter per. Round (/m2); 486000
Charmbet Valume (m"3); 0.000164 — Propellant
Want Area for Recolless Gune (md): g Fropallanit Depsity (ki) 1673
Friction Ratio 1.04 Propellant Flame Temperature (K5 2900
Bhat Btart Pressure (Pa): 3eH07 Grain Size (m): 000063 |
Cavolume (mi3fka) 0.000836 Surface Rasistance for Additive (m2kAM) ]
Farm Function: 0172 Burning Rate Caoefficient (misFPatn). 1:5e-003|
Ratin of Spacific Heats 1.27 Burn Index 1
Barrel Condustwity (\NJ’mK) i B .
- — Sirmulation
Diffuswity (m#2/s): Te-006 =
. ) ! Run Tirme (5): a0t
[nitial Barrel Temp (K) 360
= Time Step (5): 1 e-006
Force Constant (Jkg) 291000 L
; Print Stap () 1e-005]
Thermocauple Pastion (m) o093
Length of Leakage Path (m): . 0.075
Diametral Leakage Gap.(m) 0.0003 [Updatz] [canss!|
Estimated Muzzle Velocity (mis) [ 1175

Figure 10. IBHVG2 GUI Interface
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Figure 11. IBHVG?2 Output Plot
2.2.6 XKTC Lumped Parameter Model and Codes of other Countries

An additional model was used in the lumped parameter ballistic model comparison called
the XKTC program. This is the only other code developed in the United States. Itis a 1D
Lagrangian code developed in C++ language and also in a Fortran developed version.
The file runs as an executable form much in the same way the IBHVG2 model runs with
input decks. The input is run through the command prompt on the PC. The software again
is a black box program where there is an input and output with no real knowledge of the
internal workings. Other ballistic codes that could not be obtained due to financial or
availability reasons are the CTA1 model of the UK, Mobidic-NG 1D and Mobidic-NG
2D of France.

2.2.7 SNL Lumped Parameter Model

The SNL lumped parameter model is based on the Lagrangian frame of reference
tracking finite volume elements through the ballistic cycle. The derivation of the model
comes from using the conservation laws along with Newtonian mechanics and writing

out the equations of motion of the projectile. The potential energy of the propellant will
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be converted to the kinetic energy of the projectile. Since the derivation of these
equations was presented earlier only a summary of the essential equations used and the
resulting equations will be presented only. There are four principal underlying equations
the conservation of energy equation (2.156), the conservation of momentum equation
(2.157), the conservation of mass equation (2.159) and finally the equation of motion
(2.160). The entire model can be found in Appendix D with the script fully commented
for further explanation. There will be seven ordinary differential equations with seven
variables to be solved simultaneously-the conservation laws and burn rate laws will be
used in these equations. The mass fraction is handled slightly different than the
analytical models therefore the derivations of these equations are shown below. The first
derivation is shown for spherical grain geometry. The volume fraction form is shown in
equation (2.144).

V.=Vt Vit
Z([):’—():]—Q (2.144)
Z Z
The volume for a sphere is a function of the grain radius (R,) and shown in equation
(2.145). The initial volume for a sphere grain is shown.

v, =§nRg3 (2.145)

The volume of the grain at any given time is a function of the initial grain radius and the

burn rate law indicating the change in grain radius as a function of time and pressure.

V(t) :%rz(kg ~X()) (2.146)
X(t)= BE,1)" (2.147)
Z(t) 0] (2.148)

3
(%.)
The differential form rate of change of the mass fraction is described in equation (2.149).

The differential form is used so we can use an ODE solver and also because of the

Lagrangian frame of reference tracking volume elements in time.
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d 2
B 3 3X(t)j R,—X(1)
d 1_(Rg X)) :( dt ( ) (2.149)

@l (ry) (&)

Other grain geometries can be handled in a similar manner this can be done for virtually

d

—Z(t)

dt

any grain geometry. For cylindrical grain geometry the mass fraction equation is

expressed by equation (2.150).

v (R,-Xx®) (L, -2X (1))
Z(t)=1- (t) =1 - (2.150)
V; Rg Lg
The initial volume for a cylindrical geometry is shown in equation (2.151)
V,=7R]’L, (2.151)
therefore
V(t)=x(R,~X (1)) (L, - X (1)) (2.152)
2
R, -X(0) (L,—2X(¢
iz(r):i 1—( ~X0) - (1) (2.153)
dt dt R’L,
d 2 d
4 2ZX(I)(Rg - X (1)) ZEX(t)(Rg —X(1))(L,-2X (1)
—Z(t)= . + - (2.154)
dt R’L, R’L,

The lumped parameter allows one to choose the propellant type applying the correct form
for the volume fraction.

The conservation of energy principle can be expressed, as the net change in the
total energy of the system during a process is equal to the difference between the total
energy entering and the total energy leaving the system and can be expressed by equation

(2.155).
AE, =E —E,_ (2.155)

system
Energy can be transferred to or from a system in three forms heat (Q), work (W) and
mass flow (E,). Heat transfer to a system increases the energy of the molecules and
thus the internal energy of the system and heat transfer from a system decreases it since

the energy transferred out as heat comes from the energy of the molecules of the system.

AEsystem = (an - Qout ) + (VV;H - W:)ut ) + (Emass,in - Emass,aut ) (2156)
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The conservation of momentum for the combustion gases needs to be accounted for and

can be represented by equation (2.157).

SFP=P_ LAy (2.157)
dt dt dt
The conservation of mass plays a role in the phase change of the solid propellant to gas

form the mass of the propellant must be conserved.

m,—m, =0 (2.158)
(pV4), —(pV4),=0 (2.159)

The equation of motion comes from Newtonian mechanics and newtons second law it
follows that the sum of can be used to calculate the projectile velocity v,.
X ..
Y F=m—==mi=ma (2.160)
dt

The seven differential equations that need to be solved are shown in equations (2.161)
to(2.166). The first term in the differential series is the rate change of the projectile or the
velocity equation (2.161).

isp(t):Vp(t) (2.161)
dt

The projectile acceleration or the rate of change of velocity is a function of the base
pressures the projectile mass and the bore area equation (2.162). If one wants to correct
for friction in the barrel one can use equation (2.163) as a substitute it needs to only be

selected in the program and a frictional force input chosen.

d AP()
Ly =220 2.162
a0= (2.162)
d AP F
Ly =220 T 2.163
7 NO) —— ( )

N N

The burn rate law for the propellant is a function of pressure, the burn rate coefficient and
the burn rate index equation (2.164).

4 xy= BP.(1)" (2.164)
di

The volume fraction equation, which is dependent on the grain geometry equation, is

given in (2.165) the right circular cylinder.
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i 20 x(R-x(0) 22 X(0)(R,~X(0))(L,~2X (1)
L 7(0)=—dt . 4t . (2.165)
dt RL R’L,

g 8

The total volume of the system tracked as the propellant is burned and the projectile is

accelerated down the barrel can be written as

d C,d d
—V ()=AV () +—2—Z(t)-C,n—Z(t 2.166
5 O=4V,0 b i O)=Cn—2() (2.166)

s

The average gas pressure with heat loss accounted for is a rather complex equation which
tracks rate change of pressure.

d . 1
lCizZ(t)—g( )(1+ﬁ)CmZZ(t)Vp(t) ~(r- )(1+ﬁ)(W+ CZ(t))V(t)V(t)

4 )= (2.167)
dt * V.(t)
1 1
AC Z(t)- 1+B)| W+ CZtVt—Vt
) ()= (r=1)( ﬁ)( ()) (0 V()
V(@)
The last equation to be solved is the base pressure acting on the projectile equation
7’
v,
Apiy=Lpn|1+12=2 A0 (2.168)
dt dt 2 0. ;//1

1 4 )2 - d
1+
Pm[ x &M] L0 g
a 0, g A (1+17/_1Vp(t)2]

2 6, g A

The seven differential equations must be solved simultaneously. A Runga Kutta matrix
ODE solver is used together with the seven initial conditions that must be established
along with a desired time step. The time step must be chosen appropriately to ensure that
there are no numerical instabilities. The matrix ODE solver equation (2.169) along with

the seven initial conditions is shown for clarification.
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= odesolve =1,.001
VA Z
P P
a a
5, 5
VT VT
X X
V 4
P P (2.169)
S S
p p
§,(0)=0
V,(0)=0
X(0)=0
Z(0)=0 (2.170)

v,0)=V, - S
P,

P(O)=P

ambient

F(0)=PF, 1

In order to stop the iteration process two “while loops” are employed. The first is to find
the time when the projectile exits the barrel and to stop the calculation and the second
loop is to find the maximum pressure. Mathcad is again employed for this calculation and

the while loop syntax is displayed in equations (2.171) and (2.172).

T = 2.171
end J « 0 ( )

tol < 0.00000001
while S, (j)<L,
Jj« j+tol
J
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P = (2.172)
j<0

tol < 0.00000001
while P.(j+tol) > P,(})
Jj <« j+tol
F,())

There are six diagnostic plots available to the user for variable tracking. These serve as a

check to see if the variables act according to the expected behavior. The units can be
either metric or english depending on preference. The first diagnostic plot is the volume
fraction that should start at 0 and continue on until a value of 1 at which the propellant is
completely consumed. Figure 12 shows this diagnostic plot. The second diagnostic plot
(Figure 13) is the average pressure, which should rise as the propellant is burning, and the
combustion gases are building in the reactor, Then the projectile begins to move and the
pressure will decrease as the volume increases and the projectile accelerates down the

barrel.
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Figure 12. Volume Fraction Diagnostic Plot
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Figure 13. Pressure Diagnostic Plot

The third diagnostic plot (Figure 14) is the projectile velocity which should start at 0 and
increase as the pressure increases having a positive velocity gradient until the projectile is
no longer being accelerated and have a velocity gradient closer to zero which is good for
an efficient gun design because it means that the barrel is the correct length. If the
velocity gradient becomes negative the projectile is slowing down in the barrel or the
charge mass is not high enough to accelerate the projectile for the length of the barrel so
the charge mass must either increase to accelerate the projectile for a longer duration or

the barrel shortened if the breech pressure is becoming unsafe for proper operation.

Q Tune

Figure 14. Projectile Velocity Diagnostic Plot
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The fourth diagnostic plot (Figure 15) is the propellant burn history, which shows

how the propellant is burning through the ballistic cycle. This should start at 0 and

increase as the pressure increases and flattens as the pressure decreases and charge mass

is consumed.

The fifth diagnostic plot is the total volume, which should start at the reactor

volume and increase as the projectile travels down the barrel.
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Figure 15. Burn Rate Diagnostic Plot
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Figure 16. Total Volume Diagnostic plot
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The final diagnostic plot (Figure 17) available is the projectile travel that tracks the

projectile as it moves down the barrel. This plot should start at O and finish at the length

of the barrel.
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Figure 17. Projectile Travel Diagnostic Plot

The final result of the program is the pressure travel curve with the projectile

travel, projectile velocity and pressure overlaid on the same plot. The left vertical axis

being the pressure in kpsi and travel in inches and the right vertical axis representing the

projectile velocity in feet per second the maximum pressure, the muzzle velocity and the

end time for the ballistic cycle are also displayed below the plot for quick reference.

The program can also output a data file to be pulled into another program such as

Excel ® or Matlab ® for further analysis or comparison of other models which is the

process performed for this study. The analytical solutions along with the lumped

parameter models will be compared in this way. The data file can also be used in a finite

element package for analyzing the gun design. The tool used for this study was the LS-

DYNA finite element package. An illustration of this study will be shown in subsequent

chapters. It illustrates how interior ballistics results directly relate back to launcher

design.
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Pressure, Travel. Velocity vs Time
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Figure 18. Lumped Parameter Pressure, Travel, Velocity Curve
CHAPTER 3 MODEL COMPARISON
3.1 Gun Models

This section of the study will be to compare all the models described in the previous
sections. The comparison will be done with a few different methods. The first method
will be to compare the same input deck for all the different models. A chemical
equilibrium calculation will be performed to determine the maximum performance level,
then a closed bomb calculation performed, the two different analytical closed form
solutions performed and lastly the three lumped parameter models compared. The output
variables of comparison will be the maximum pressure, the muzzle velocity along with
the piezometric and ballistic efficiencies. The models will be later compared to empirical
results obtained from experimentation of three launcher systems-a small caliber short

barrel PAN disrupter, a small .50 caliber powder gun and a 50 mm powder gun. The
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input deck for the PAN, the .50 caliber and the 50 mm powder gun are shown in tables
respectively. The output results are tabularized and also graphically represent the lumped
and analytical models plotted on the same plot. The analytical models’ values are shown
as constants because they are not a function of time. They are done this way only for

maximum value comparisons and not to be confused as the actual ballistic curves.

3.2 PAN Disruptor

The PAN Disruptor is a precision aim tool originally developed at Sandia
National Laboratories used to disable conventional handmade type bombs remotely. The
PAN can be deployed by mounting it to a stand or by robot deployment. This tool has
become the primary tool used by bomb squads and EOD (Explosive Ordinance Disposal)
teams to render safe IED (Improvised Explosive Devices) and other HMEs (Home Made
Explosives). The PAN has been manufactured in a variety of lengths and sizes and a wide
variety are used for specific application. The PAN was chosen to study because of the
large availability of data and the close relation to the gun types of interest. It provides a
good way to characterize the models with reliable data. The study for this paper was to
analyze the 18-inch barrel, 3.5 inch 12 gauge chamber and the bore precision drilled to
730 inch. The loadings for the PAN can range anywhere from 30 grains to 625 grains
again depending on application. The velocity can be tailored anywhere from 230 feet per
second to 2,840 feet per second depending on the mass of projectile and propellant load.
A 420 grain load has been shown for the purpose of showing how the process works by
taking the input parameters performing the different analysis techniques and producing
the PTV curves for the different grain loadings. A table for the different grain loadings
and the respected velocities and the results for all the analysis techniques will give an
average accuracy to the empirical velocity data available. Pressure curves for these
loadings for the PAN disruptors do not exist only as maximum pressures recorded in the

combustion chamber.
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Pressure(psi)

Term Data (Metric) Data (English)
Bore Diameter 18.52 (mm) .729(in)
Barrel Length 457.2 (mm) 18 (in)
Projectile Mass .044(kg) .098 (Ib)
Propellant Mass .0012(kg) .06(1b)
Propellant Type Cylindrical Cylindrical
Propellant Length .152 (mm) .006 (in)
Propellant Diameter 1.575 (mm) .062 (in)
Adiabatic Flame Temperature T 3379 (K) 3379 (K)
Impetus F 1100000 (N) 368000 (ft-1b/Ib)
Specific Heat Ratio 1.222 1.222
Density .61 (gm/cc) .022 (Ib/cuin)
Covolume .890 (cc/gm) 24.635 (cuin/Ib)
Chamber Volume 983200 (cumm) 1.461 (cuin)

Table 2. PAN Model Input Deck
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Figure 19. PAN Model Pressure
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Interior Ballistic Analysis
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Figure 20. PAN Model Velocity
OUTPUT PARAMETERS
Max Max
Breech Breech Muzzle Muzzle
Pressure | Pressure | Velocity | Velocity |€; piezometric] ©b(gaisic | Velocity
Model (MPa) (psi) (m/s) (ft/s) Effciency) Efficiency) Ratio % Error
Chemical Equilibrium 273.55 | 39675.32| 910.25 2986.54 | 0.54132 30.074 1.26 26.0
Closed Bomb 267.28 38765.43 837.30 2747.18 0.46877 25.447 1.16 15.9
Corners Method 225.38 32687.94 772.71 2535.26 0.47347 21.672 1.07 7.0
Coppocks Model 205.33 29780.56 688.25 2258.14 0.41229 17.193 0.95 4.7
Lumped Parameter 205.75 29841.00 689.48 2262.17 0.41293 17.255 0.95 4.5
IBHVG2 198.33 28765.43 646.28 2120.43 0.37637 15.160 0.89 10.5
XKTC 216.65 | 31422.57| 659.08 2162.43 | 0.35832 15.767 0.91 8.8
Emperical Results 210.19 | 30486.00| 722.34 2370.00

Table 3. PAN Model Output Data

The curves generated for all the different calculation methods along with the analytical

answers show the percent error for the actual tested velocity published for the PAN

disrupter. The lumped parameter had the best result followed by the two analytical
models followed by the XKTC model and IBHVG2 model. The following tables for
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different propellant loads show all the derived values generated from the plots.

Propellant Mass 80 Grains
Max Max
Breech | Breech Muzzle Muzzle
Pressure | Pressure | Velocity | Velocity | €p (piezometric| ©b (Balisiic | Velocity
Model (MPa) (psi) (m/s) (ft/s) Effciency) Efficiency) Ratio % Error

Chemical Equilibrium 127.23 | 18452.61 275.62 904.32 0.10671 0.662 1.45 44.9
Closed Bomb 120.95 | 17542.12 238.72 783.23 0.08420 0.496 1.26 25.5
Corners Method 104.69 | 15184.26 211.59 694.23 0.07643 0.390 1.11 11.3
Coppocks Model 102.13 | 14812.34 208.24 683.25 0.07589 0.378 1.09 9.5
Lumped Parameter 83.47 | 12105.63 185.35 608.12 0.07356 0.299 0.97 2.5
IBHVG2 81.45 11813.12 174.87 573.74 0.06710 0.266 0.92 8.1
XKTC 72.91 10575.42 155.47 510.10 0.05924 0.211 0.82 18.3

Emperical Results 86.05 | 12481.00 190.19 624.00

Table 4. PAN Model Predictions vs Results 80 grains

The lumped parameter models seemed to be more consistently accurate. The lumped
parameter model had a percent error in velocity of 2.5 percent and the IBHVG2 model
had a percent error in velocity of 8.1 percent. The chemical equilibrium calculation has
the worst velocity percent error at 44.9 percent. This is due to the fact that the chemical
equilibrium calculation does not take into account any losses by the gun such as friction,
heat, leaking etc. The reason the chemical equilibrium calculation does not yield good
results is because of the assumption of absolute conversion of the reactants into products
consuming all available fuel and oxygen have been exhausted and converting all
available stored chemical energy or potential energy into kinetic energy to the projectile.
The quick analytical methods provide fairly accurate results with Corners method having

a velocity percent error of 11.3 percent and Coppocks model being about 9.5 percent.

Propellant Mass 120 Grains
Max Max
Breech | Breech Muzzle Muzzle
Pressure | Pressure | Velocity | Velocity | €p (piezometric| ©€b (Balisiic | Velocity
Model (MPa) (psi) (m/s) (ft/s) Effciency) Efficiency) Ratio % Error

Chemical Equilibrium 176.65 | 25621.16 341.66 1121.00 0.11810 0.654 1.35 34.9
Closed Bomb 154.83 | 22456.12 329.26 1080.30 0.12514 0.607 1.30 30.0
Corners Method 140.14 | 20325.12 268.91 882.30 0.09222 0.405 1.06 6.2
Coppocks Model 133.84 | 19412.35 267.06 876.23 0.09523 0.399 1.05 5.4
Lumped Parameter 123.80 | 17956.23 245.78 806.42 0.08721 0.338 0.97 3.0
IBHVG2 120.13 | 17423.56 227.16 745.32 0.07677 0.289 0.90 10.3
XKTC 104.40 | 15142.13 190.49 625.00 0.06212 0.203 0.75 24.8

Emperical Results 125.11 | 18146.00 253.28 831.00

Table 5. Pan Model vs Empirical Results 120 grains
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The results for 120 grains are seen above. The results for this charge mass show a similar
trend in the models behavior to predict velocity. There are some improvements in the
analytical models capability to predict velocity and tend to over predict the pressure. The

closed bomb and chemical equilibrium results agreed with the previous analysis.

Propellant Mass 140 Grains
Max Max
Breech Breech Muzzle Muzzle
Pressure | Pressure | Velocity | Velocity | €p (piezometric| ©b (Balisiic | Velocity
Model (MPa) (psi) (m/s) (ft/s) Effciency) Efficiency) Ratio % Error

Chemical Equilibrium 273.55 | 39675.32 447.50 1468.24 0.13083 0.890 1.33 32.8
Closed Bomb 267.28 | 38765.43 410.02 1345.26 0.11241 0.747 1.22 21.7
Corners Method 225.38 | 32687.94| 303.15 994.62 0.07287 0.408 0.90 10.0
Coppocks Model 205.33 | 29780.56 363.08 1191.25 0.11474 0.586 1.08 7.7
Lumped Parameter 138.29 | 20057.12 329.22 1080.16 0.14007 0.482 0.98 2.3
IBHVG2 133.93 | 19424.23 278.20 912.76 0.10328 0.344 0.83 17.4
XKTC 127.04 | 18426.12 256.72 842.31 0.09271 0.293 0.76 23.8

Emperical Results 139.04 | 20165.41 336.97 1105.61

Table 6. Pan Model vs Empirical Results 140 Grains

The results for the 140 grain case were consistent also with the previous models. The
chemical equilibrium and the closed bomb solutions had the highest percent error and of
course the highest ballistic efficiency. The lumped parameter model developed had only a
2.3 percent error. The IBHVG2 model had a percent error of 17.4 and the XKTC model

a percent error of 23.8.

Propellant Mass 240 Grains
Max Max
Breech Breech Muzzle Muzzle
Pressure | Pressure | Velocity | Velocity | €p (piezometric| ©b (Balisiic | Velocity
Model (MPa) (psi) (m/s) (ft/s) Effciency) Efficiency) Ratio % Error

Chemical Equilibrium 294.07 | 42651.23 586.85 1925.46 0.20930 0.964 1.16 15.8
Closed Bomb 272.04 | 39456.21 562.52 1845.62 0.20788 0.886 1.11 11.0
Corners Method 238.29 | 34561.26 524.64 1721.35 | 0.20643 0.770 1.04 3.5
Coppocks Model 221.69 | 32153.51 555.12 1821.35 0.24842 0.863 1.10 9.5
Lumped Parameter 160.07 | 23215.61 483.28 1585.64 0.26077 0.654 0.95 4.7
IBHVG2 140.05 | 20312.56 443.83 1456.21 0.25137 0.551 0.88 12.4
XKTC 132.49 | 19216.61 379.56 1245.32 0.19432 0.403 0.75 25.1

Emperical Results 167.69 | 24321.16 506.86 1663.00

Table 7. Pan Model vs Empirical Results 240 Grains
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The results for a grain load of 240 are shown in Table 7. The results are still consistent
with previous analysis and the zero order method provided the best results and corners

method provided the best results and agreed better with the published empirical results.

Propellant Mass 420 Grains
Max Max
Breech | Breech Muzzle Muzzle
Pressure | Pressure | Velocity | Velocity | €p (piezometric| ©€b (Balisiic | Velocity
Model (MPa) (psi) (m/s) (ft/s) Effciency) Efficiency) Ratio % Error

Chemical Equilibrium 273.55 | 39675.32 910.25 2986.54 | 0.54132 1.325 1.26 26.0
Closed Bomb 267.28 | 38765.43 837.30 2747.18 0.46877 1.121 1.16 15.9
Corners Method 225.38 | 32687.94 772.71 2535.26 | 0.47347 0.955 1.07 7.0
Coppocks Model 205.33 | 29780.56 688.25 2258.14 | 0.41229 0.757 0.95 4.7
Lumped Parameter 205.75 | 29841.00 689.48 2262.17 0.41293 0.760 0.95 4.5
IBHVG2 198.33 | 28765.43 646.28 2120.43 | 0.37637 0.668 0.89 10.5
XKTC 192.22 | 27878.65 659.08 2162.43 | 0.40387 0.695 0.91 8.8

Emperical Results 210.19 | 30486.00 722.34 2370.00

Table 8. Pan Model vs Empirical Results 420 Grains

The 420 grain load showed that the lumped parameter model was in the best agreement
with the empirical results. The lumped parameter model has the best standard deviation
from the previous analysis and continues to have a more consistent prediction for the

published values.

Propellant Mass 625 Grains
Max Max
Breech | Breech Muzzle Muzzle
Pressure | Pressure | Velocity | Velocity | €p (piezometric| ©€b (Balisiic | Velocity
Model (MPa) (psi) (m/s) (ft/s) Effciency) Efficiency) Ratio % Error

Chemical Equilibrium 273.55 | 39675.32 952.65 3125.63 | 0.59291 0.975 1.10 10.1
Closed Bomb 267.28 | 38765.43 928.26 3045.62 0.57616 0.926 1.07 7.2
Corners Method 225.38 | 32687.94| 815.49 2675.62 | 0.52735 0.715 0.94 5.8
Coppocks Model 205.33 | 29780.56 826.75 2712.56 | 0.59492 0.734 0.96 4.5
Lumped Parameter 233.56 | 33875.62 818.54 2685.62 0.51267 0.720 0.95 5.4
IBHVG2 224.37 | 32542.15 800.78 2627.36 | 0.51077 0.689 0.93 7.5
XKTC 210.46 | 30524.62 772.42 2534.32 | 0.50665 0.641 0.89 10.8

Emperical Results 238.65 | 34613.00 865.59 2840.00

Table 9. Pan Model vs Empirical Results 625 Grains

The lumped parameter model had a percent error of 4.4 for the velocity prediction and
predicted the velocity better than the other lumped parameter models. Coppock's model
was accurate in predicting the velocity with a percent error of 5.5. The zero order models
and lumped parameter models predict more accurate than the closed bomb and chemical
equilibrium analysis models. The lumped parameter model was the best in predicting

velocity over all other models explored. Recording all the percent errors for the different
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powder mass loadings for the pan disruptor results in a favorable result in that the lumped
parameter model was able to predict the results with higher consistency and lower
percent error. The surprise was that the IBHVG2 model and XKTC models had a higher
percent error than expected and that the zero order models actually predicted the velocity
better. The only downside of this study is that actual pressure ballistic curves were
unobtainable and only maximum breech pressures were recorded. Breech pressures were
not directly compared for the percent error of the model. The velocity variable was used
for the analysis. The downside of zero order models is they only give a maximum
obtainable breech pressure and not a time or distance related pressure curve. This does
not allow for a refined Finite Element Analysis (FEA) to be performed and must be done
in a static versus dynamic environment that is totally different because of the rate of

loading and failure mechanisms not being captured with a static study.

PAN Disruptor Model Percent Errors
30
B Percent Errors
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| I I
Chemical Closed Bomb Corners Coppocks Lumped IBHVG2 XKTC
Equilbrium Method Model Parameter

Figure 21. PAN Disruptor Model Percent Errors

3.3. 0.50 Caliber Powder Gun (SNL)

The 0.50 caliber powder gun being used for the internal ballistic programs model
comparison is a gun used at Sandia for material models. There have been numerous shots

performed with this gun system with a variety of propellants with different composition
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and burn rate. Two powders were chosen for the study IMR 4064 and IMR 4350 with a
projectile commonly shot in the gun. The model will be tested with three different
powder cartridges a .308 Winchester, .460 Weatherby and a .50 BMG (Figure 22.0.50
Cal Powder Gun Casings), which allows to test for three different breech volumes and
three different powder loads. The projectile is a consistent 241grain projectile made from
brass and will be referred to as the BPB. There are over 250 shots recorded with this
barrel with different velocity ranges, powder load weights and cartridge volumes. A plot
for each different cartridge is represented picking a commonly shot propellant load for
that cartridge and have looked at the burn rate change by selecting a different powder to
analyze with all the different methods. This analyst tests the lumped parameter code for
accuracy for different case volumes and a different caliber gun with a longer barrel.

The first model to be analyzed is the .308 Winchester. A table of all the input
parameters and a plot of all the different methods compiled on the same plot are

illustrated.

POWDER GUN CASINGS
CHAMBER VOLUME CALCULATIONS

£

SECTION B-3 SN
A SECTIEDHN A-A SCALET -1 CALE
- SCALET ]
50 BMG 460 WEATHERBY -300 WINGHESTER

Figure 22. 0.50 Cal Powder Gun Casings

Figure 22 shows the different cases to be studies. The cases can be partially filled or fully
filled for desired velocities but the shots pulled for this study were all loaded to full

capacity of the cartridge to have a consistent control for the experimental runs modeled.
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The 0.308 Winchester is the smallest cartridge and lowest velocity and then followed by
the 0.470 Weatherby cartridge, which will be the intermediate velocity and then followed
by the 0.50 BMG cartridge. These are the only three cartridges studied, as they are the
only cartridges our breech is designed to hold and the only three cartridges fired on the

SNL Thunder Range powder gun.

3.3.1 SNL Powder Gun - .308 Winchester IMR 4350

.308 Winchester (IMR 4350)

Term Data (Metric) Data (English)
Bore Diameter 12.7 (mm) .50 (in)
Barrel Length 1828.8 (mm) 72 (in)
Projectile Mass 15.6619 (gm) 241.70 (grain)
Propellant Mass 2.23 (gram) 34.4 (grain)
Propellant Type Cylinder Cylinder
Propellant Length 2.00 (mm) 0.079 (in)
Propellant Diameter .965 (mm) 0.038 (in)
Adiabatic Flame temperature 3248 (K) 3248 (K)
Impetus F 1122000 (N) | 368000 (ft-Ib/Ib)
Specific Heat Ratio 1.22 1.22
Density 0.664 (gm/cc) .024 (lb/cuin)
Covolume .890 (cc/gm) 24.635 (cuin/Ib)

Chamber Volume

4097 (cumm)

.25 (cuin)

Table 10. 0.308 Winchester Inputs (IMR 4350)

Table 10. 0.308 Winchester Inputs (IMR 4350) shows the input deck for the 0.308
Winchester using IMR 4350 propellant. This table will be omitted for the later series

because the only change is in the chamber volume and the propellant characteristics
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Pressure, Travel, Velocity vs Time
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Figure 23. Lumped Parameter PTV Curve
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Figure 24. Pressure Curve .308 Winchester (IMR 4350)
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For the .308 Winchester IMR 4350 shot and the resulting data is pulled into a Matlab
program along with all the other methods to be compared. The data requires a shift in
time to align at the same time zero for the plots to overlay. Again the plots seem to agree
well with each other in that all have very similar pressure curves.

Interior Ballistic Analysis
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Figure 25. Velocity Curve. 308 Winchester (IMR 4350)
Max
Max Breech Breech Muzzle Muzzle
Pressure Pressure | Velocity | Velocity €y (gatistic | Velocity
Model (MPa) (psi) (m/s) (ft/s) e, ‘e Effciency) . Ratio % Error
Chemical Equilibrium 100.40 14562.00 577.87 1896.00 0.07587 0.120 1.45 44.7
Closed Bomb 94.87 13760.00 464.80 1525.00 0.05194 0.078 1.16 16.4
Corners Method 92.79 13458.00 342.88 1125.00 0.02890 0.042 0.86 14.1
Coppocks Model 86.61 12562.00 382.81 1256.00 0.03859 0.053 0.96 4.1
Lumped Parameter 76.26 11060.83 398.35 1307.00 0.04746 0.057 1.00 0.2
IBHVG2 80.07 11613.87 427.12 1401.39 0.05197 0.066 1.07 7.0
XKTC 81.22 11779.78 295.26 968.74 0.02448 0.031 0.74 26.1
Emperical Results 76.28 11064.00 399.29 1310.00

Table 11. Results .308 Winchester (IMR 4350)
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3.3.2 SNL Powder Gun--.380 Winchester IMR 4064

Pressure, Travel, Velocity vs Time
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Figure 26. PTV Curve .308 Winchester (IMR 4064)

The results of a different powder burn rate are as expected and the PTV curve shown in
Figure 26 captures the subtle changes that occur when changing the burn rate

characteristics.
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Figure 27. Pressure Curve .308 Winchester (IMR 4064)

The pressure curve is different with a slight change in the peak pressure and time

response making the curve longer. The result is a slower velocity, which is depicted by

Figure 28.
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Figure 28. Velocity Curve .308 Winchester (IMR 4064)
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Table 12. Results .308 Winchester (IMR 4064)

The compiled results are shown in Table 12 and it follows the hypothesis that the

OUTPUT PARAMETERS
Max
Max Breech Breech Muzzle Muzzle
Pressure Pressure | Velocity | Velocity €y, gaistic | Velocity
Model (MPa) (psi) (m/s) (ft/s) |e, @ — . Ratio % Error

Chemical Equilibrium 100.40 14562.00 577.87 1896.00 0.07587 0.120 1.45 44.7
Closed Bomb 94.87 13760.00 464.80 1525.00 0.05194 0.078 1.16 16.4
Corners Method 92.79 13458.00 342.88 1125.00 0.02890 0.042 0.86 14.1
Coppocks Model 86.61 12562.00 382.81 1256.00 0.03859 0.053 0.96 4.1
Lumped Parameter 76.26 11060.83 398.35 1307.00 0.04746 0.057 1.00 0.2
IBHVG2 80.07 11613.87 427.12 1401.39 0.05197 0.066 1.07 7.0
XKTC 81.22 11779.78 295.26 968.74 0.02448 0.031 0.74 26.1

Emperical Results 76.28 11064.00 399.29 1310.00

chemical equilibrium calculations and closed bomb calculations predict higher with a

larger percent error in the velocity prediction and that the lumped parameter model

predicts the best with a .2 percent error. This table shows that the lumped parameter

model is still consistent in velocity predictions with a change in burn rate.

3.3.3 SNL Powder Gun- 0.470 Weatherby IMR 3450

Pressure, Travel, Velocity vs Time
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Figure 29. PTV Curve DETS Lumped Parameter 470 Weatherby (IMR 4350)

62

Projectile Velocity (fV/s)




x 10

Interior Ballistic Analysis

38

N
3]
[

Pressure(psi)
T

—DETS Lumped Parameter (SNL)
—XKTC
—IBHVG2
Closed Bomb
Chemical Equilibrium
+ Corners Method
Coppocks Method

0.5 1 1.5

2.5 3 3!

2
Time (s) x10°

Figure 30. Pressure Curves 470 Weatherby (IMR 4350)
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Figure 31. Velocity Curve 470 Weatherby (IMR 4350)
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Table 13. Results .470 Weatherby (IMR 4350)

The pressure curves and velocity curves are still consistent for the lumped parameter
model and is successful in handling a chamber volume adjustment with no errors or
problems running and is a able to converge on the solution and is able to still predict
within less than ten percent of the empirical velocity.

3.3.4 SNL Powder Gun-0.470 Weatherby IMR 4064

Pressure, Travel, Velocity vs Time
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Figure 32. PTV Curve .470 Weatherby (IMR 4064)

Projectile Velooity (IVs)

OUTPUT PARAMETERS
Max
Max Breech Breech Muzzle Muzzle
Pressure Pressure | Velocity | Velocity €y galistic | Velocity
Model (MPa) (psi) (m/s) (ft/s) e, piezometric extciency)]  efficiency) Ratio % Error
Chemical Equilibrium 245.45 35600.00 987.50 3240.00 0.09063 0.350 1.23 22.6
Closed Bomb 238.01 34520.00 962.21 3157.00 0.08873 0.333 1.19 19.4
Corners Method 198.19 28745.00 901.25 2957.00 0.09349 0.292 1.12 11.9
Coppocks Model 205.84 29854.00 921.98 3025.00 0.09420 0.305 1.14 14.5
Lumped Parameter 175.19 25408.75 874.83 2870.31 0.09965 0.275 1.09 8.6
IBHVG2 183.95 26679.18 918.57 3013.82 0.10463 0.303 1.14 14.0
XKTC 186.57 27060.32 907.65 2978.00 0.10072 0.296 1.13 12.7
Emperical Results 217.18 31500.00 259.08 2643.00

The PTV curve for the .470 Weatherby using the IMR 4064 powder is shown in Figure

32 the PTV curve shows that the velocity curve is starting to flatten out and the velocity
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is no longer increasing and the acceleration is nearly zero and if one looks at the powder
burn plot then one sees that near the end of the muzzle the powder is almost completely

burnt which is good it shows the barrel length is sufficient for the charge being used.

C10* Interior Ballistic Analysis
4 \ \ \ T
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Figure 33. Pressure Curve .470 Weatheby (IMR 4064)
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Figure 34. Velocity Curve 470 Weatherby (IMR 4064)

65



OUTPUT PARAMETERS
Max
Max Breech Breech Muazzle Muzzle
Pressure Pressure | Velocity | Velocity €y, galistic | Velocity
Model (MPa) (psi) (m/s) (ft/s) ol " Ratio % Error
Chemical Equilibrium 245.45 35600.00 | 1042.41 | 3420.16 0.10098 0.390 1.30 29.9
Closed Bomb 238.01 34520.00 962.21 3157.00 0.08873 0.333 1.20 19.9
Corners Method 198.19 28745.00 | 1079.55 | 3542.00 0.13414 0.419 1.35 34.6
Coppocks Model 205.84 29854.00 921.98 3025.00 0.09420 0.305 1.15 14.9
Lumped Parameter 104.68 15182.43 771.86 2532.46 0.12982 0.214 0.96 3.8
IBHVG2 109.91 15941.55 810.45 2659.08 0.13631 0.236 1.01 1.0
XKTC 111.48 16169.29 907.65 2978.00 0.16856 0.296 1.13 13.1
Emperical Results 148.24 21500.00 259.08 2632.00
Table 14. Results .470 Weatherby (IMR 4064)
3.3.5 SNL Powder Gun- 0.50 BMG IMR 4350
Pressure, Travel, Velocity vs Time
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Figure 35. PTV Curve .50 BMG (IMR 4350)
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4 Interior Ballistic Analysis
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Figure 36. Pressure Curve .50 BMG (IMR 4350)
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Figure 37. Velocity Curve .50 BMG (IMR 4350)
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OUTPUT PARAMETERS

Max
Max Breech Breech Muzzle Muzzle
Pressure Pressure | Velocity | Velocity €p (sanisic | Velocity
MOdeI (MPa) (pSi) (m/s) (ft/S) ep (Piezometric Effciency)| Efficiency) Ratio % Error
Chemical Equilibrium 362.96 52643.00 1714.42 5625.00 0.18472 1.056 1.28 28.0
Closed Bomb 348.78 50586.00 | 1661.99 5453.00 0.18065 0.992 1.24 24.1
Corners Method 293.44 42560.00 1419.46 4657.25 0.15663 0.724 1.06 6.0
Coppocks Model 277.52 40251.00 | 1448.71 | 4753.21 0.17251 0.754 1.08 8.2
Lumped Parameter 254.14 36860.50 1342.86 4405.91 0.16185 0.648 1.00 0.3
IBHVG2 266.85 38703.52 1410.00 4626.20 0.16994 0.714 1.05 53
XKTC 270.66 39256.43 1440.88 4727.54 0.17497 0.746 1.08 7.6
Emperical Results 236.15 34250.00 | 1339.15 | 4393.54
Table 15. Results .50 BMG (IMR 4350)
3.3.6 SNL Powder Gun- 0.50 BMG IMR 4064
Pressure, Travel, Velocity vs Time
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Figure 38. PTV Curve .50 BMG (IMR 4064)
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Figure 40. Velocity Curve .50 BMG (IMR 4064)
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OUTPUT PARAMETERS
Max
Max Breech Breech Muzzle Muzzle
Pressure Pressure | Velocity | Velocity €y, ganistic | Velocity
Model (MPa) (psi) (m/s) (ft/s) |e, Ratio % Error

Chemical Equilibrium 362.96 52643.00 | 1714.42 | 5625.00 0.18472 1.056 1.36 36.4
Closed Bomb 348.78 50586.00 | 1661.99 | 5453.00 0.18065 0.992 1.32 32.2
Corners Method 293.44 42560.00 1419.46 4657.25 0.15663 0.724 1.13 129
Coppocks Model 277.52 40251.00 | 1448.71 | 4753.21 0.17251 0.754 1.15 15.2
Lumped Parameter 223.44 32406.80 | 1239.84 | 4067.91 0.15693 0.552 0.99 14
IBHVG2 234.61 34027.14 | 1331.61 | 4369.00 0.17240 0.637 1.06 5.9
XKTC 237.96 34513.24 | 1417.25 | 4650.00 0.19254 0.721 1.13 12.7

Emperical Results 235.50 34156.00 | 1257.37 | 4125.24

Table 16. Results .50 BMG (IMR 4064)
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Figure 41. Thunder Range Powder Gun Percent Errors

3.4 Thunder Range Powder Gun Results

B Chemical Equilibrium

¥ Closed Bomb

Corners Method

H Coppocks Model

Lumped Parameter

IBHVG2

XKTC

The results of this data are that the SNL lumped parameter model developed is

comparable in percent error over all the different case volumes and burn rates with the

IBHVG 2 model. The SNL Model falls below 5 percent error for all casing types besides

the 470 Weatherby. The analytical models also predict well only going 1 or 2 percent

above 15 percent error. This builds confidence in the lumped parameter model for

predicting pressure and velocity profiles and predicting gun performance. This percent

error plot also shows that the powder burn rate is captured accurately and able to model
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the different powder burn rate characteristics. The difference between the powder burn
rates only at most produces a 6 percent error range. The figure below shows a
compilation of all the shots performed on the powder gun and many of the comparisons
between the empirical data and the model data have been performed against this plot and
also some analytical equations developed to predict performance characteristics of the
powder gun. This shows that once enough empirical shots have been completed one can
predict the performance with a minimum seventy three percent fit to the curve using the
mass ratio which is the powder mass divided by the projectile mass as the independent

variable to predict the dependent variable which is the velocity of the projectile.

.50 Caliber Thunder Range Powder Gun
2000 y = 630.19x + 846.08
R2=0.73473
1600 (5,250 ft/s) n - fl"""t.
y = 2228.7x + 295.14 o II#' Te
—_ R?=0.84763 -
21200 = -
- =941.21x + 524.12 © .50 BMG ammo
x 2 =
8 800 R®=0.99267 ¢ SR 4759
]
> /| B 4064
400 |
I f =2242.9x + 126.98
I R? = 0.89905
0 L — e — TR — — L — L TR L — — L — L
0.0 0.2 04 0.6 0.8 1.0 1.2 14
Mass Ratio (Powder/Projectile)
Figure 42. Thunder Range Empirical Results
3.5 50 mm Launcher

The last gun launcher is an experimental gun developed at Thunder Range for specific
studies. This launcher was developed using the models from this study and was tested to
check for model accuracy. The models shown are for the low velocity range to the high
velocity range, which was the range the launcher was designed to produce. The first
model shown is the low velocity model Figure 43. One thing to note is that the velocity
curve is still increasing and not as flat as the preceding launchers studied and the reason

for this is because if one looks at the length of the barrel for this launcher they will note it
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is only 36 inches long which was a design requirement dictated by the customer. If the
barrel length could be increased then a higher velocity could be achieved by the launcher

because the projectile is still accelerating when it reaches the end of the muzzle.

3.5.1- 50 mm Launcher Low Velocity Target

Pressure, Travel, Velocity vs Time
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Figure 43. PTV Curve 50 mm (Low Velocity)
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Figure 45. Velocity Curve 50 mm (Low Velocity)
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3.5.2-50 mm High Velocity Target

Pressure, Travel, Velocity vs Time
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Figure 46. PTV Curve 50 mm High Velocity
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Figure 47. Pressure Curves 50 mm (High Velocity)
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Figure 48. Velocity Curves 50 mm (High Velocity)
The high velocity model shows that the projectile is also still accelerating but at least is
starting to flatten out. The reason this is the top velocity is because the breech pressure
starts to become unsafe at powder loads exceeding this loading and the customer and
Sandia needed to insure that a F.O.S of a minimum of 1.5 was maintained with a desired
2.0 F.O.S. The pressure curve was put into a finite element program and a von mises
stress criteria was used to determine the F.O.S.
The modeling was used to develop a design that led to a field prototype in a
relatively short amount of time and aligned with the results very well which can be seen
in the low velocity results table below. The higher velocity has yet to be shot and there is

no test data for the high velocity range as of yet.

Table 17. 50 mm Low Velocity Results
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OUTPUT PARAMETERS
Max
Max Breech Breech Muzzle Muzzle
Pressure Pressure | Velocity | Velocity €p galtistic | Velocity
Model (MPa) (psi) (m/s) (ft/s) e, c Ratio % Error

Chemical Equilibrium 76.70 11125.00 987.50 3240.00 0.29000 0.350 1.48 48.1
Closed Bomb 72.68 10542.00 906.74 2975.00 0.25802 0.295 1.36 36.0
Corners Method 67.27 9756.00 718.07 2356.00 0.17486 0.185 1.08 7.7
Coppocks Model 65.93 9562.00 720.51 2364.00 0.17962 0.186 1.08 8.1
Lumped Parameter 55.57 8059.73 644.07 2113.20 0.17028 0.149 0.97 3.4
IBHVG2 58.35 8462.72 706.49 2318.00 0.19513 0.179 1.06 6.0
XKTC 59.18 8583.61 848.83 2785.00 0.27771 0.259 1.27 27.3

Emperical Results 55.59 8062.00 644.04 2187.00




CHAPTER 4 DISCUSSION
4.1 Model Difficulties

The compilation of the data from all the different codes proved to be the greatest
challenge in the whole exercise. Some of the data files being outputted by the other
lumped parameter codes did not have a time vector of same length as the SNL lumped
parameter code so the time vector being used for the model comparison was the time
vector of the longest length and then all other data plotted with the longest time vector.
Therefore, some of the plots may be slightly shifted and the pressure profiles do not quite
lay as close on top of each other as some of the plots suggest. Also some of the data was
cut short after the pressure curve so some data from the lumped parameter was used to fill

the tail end gaps for the longer time records.

4.2 Model Limitations

There are limitations to analytical models that requires some of the coefficients to be
fitted to certain guns and the model is improved if there is already a large database of
empirical data available to fit coefficients, like the adiabatic heat loss or the kinetic
friction coefficient. A large database of ballistic pressure curves or max peak breech
pressure and muzzle velocity is preferable. Given the projectile velocity curve, then one
can curve fit the program to existing data making it far more accurate and far more
predictive.

CHAPTER 5 CONCLUSIONS
5.1 Summary

The SNL Lumped parameter model provides the user the ability to see the
equations driving the results and provides accurate results when compared to three
different empirical test scenarios.

The SNL lumped parameter model is able to predict equally or if not better than
some of the commercial codes and is written as a Mathcad program that is good for user
editing functionality and for diagnostic probing. Also by using Mathcad as the program

there are a variety of open source Math programming tools with the solvers capable of
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handling the seven ordinary differential equations that need to be solved so the program
could be easily transferred to SMath Studio, or equivalent math program or any other
programming language. Also by being able to see all the equations driving the model the
code could be easily transferred to a Matlab ® or Maple ® program for plotting and
solving the equations. A large Excel® file was created for the comparison of all the
models that could be read into Matlab® and then be plotted to show a comparison of all
the different codes. This program is also being used by SNL to develop other launcher
systems and serving as a check program for other gun development tools.

The flexibility and editable nature of this program is what makes it attractive to
the user. It can be tailored to the specific launcher system and come up with different
projectile designs, chamber designs and allow the user to design a optimized launcher
system by running multiple iterations in a timely manner. The results of the code are
accurate for different gun types which was illustrated by using three launchers of
completely different size using short barrels, different size projectiles and different
powder types. As long as the input is accurate to the launcher geometry being fired this
code will be successful at predicting the results and useful for impact studies or other

applications.

5.2 Lessons Learned

The work presented in this thesis shows that a lumped parameter interior ballistic
model can be useful for predicting projectile velocities and internal breech pressures and
can be used as gun design tool to help optimize gun performance. This model has been
used to aid in the development of at least one launcher. The accuracy and reliability of
the code is acceptable for design work and because of the program being written in a
program like MathCad can easily show the user what equations are being solved and the
step by step process for doing an interior ballistic analysis. By solving the equations and
writing this type of lumped parameter model one learns the ballistic cycle more in depth
and gives a designer a better intuitive feeling for the ballistic cycle and what type of

results to expect when doing a ballistic analysis allows them to be a better designer.
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5.3 Future Work

The future work of this model would be to improve the program to improve its usability
utilizing both a graphical user interface (GUI) but also allowing the program to be edited
to change parameters and make improvements to the code. If the program has an open
architecture it will allow the program to evolve and only become better. The other
possible improvement to this type of program is to implement it into some type of FEA
package or design package like Solidworks or ProE to allow the user to design a gun
system while utilizing the pressure travel curves to help drive design and performance of

the gun all in the same package.
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APPENDIX A

Propellant F ormulations

IMPROVED MILITARY RIFLE (IMR)

FORMULATION:

There are a number of IMR formulations. Please refer to Appendix B or C to determine
which formulation is used in specific ammunition items.

IMR 4064

Nitrocellulose 92.60
Diphenylamine 1.00
Graphite 0.40

Dinitrotoluene 5.00

Potassium Sulfate 1.00
IMR 4879:

Nitrocellulose 96.45
Diphenylamine 1.00
Graphite 0.40

Dinitrotoluene 0.80

Potassium Sulfate 1.00
Silicon Powder 0.75

IMR 4895:

Nitrocellulose 91.18
(nitrogen content 13.15%)
Diphenylamine 0.87
Graphite 0.40
Dinitrotoluene 7.00
Potassium Sulfate 0.55

FORMULATION (CONTINUED)

IMR 4903:
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Nitrocellulose 91.47
Diphenylamine 1.08
Dinitrotoluene 6.50

Potassium Sulfate 0.55

Graphite Glaze 0.40 max. added

IMR 5010:

Nitrocellulose 89.92
Diphenylamine 0.88
Graphite 0.40

Dinitrotoluene 8.25

Potassium Sulfate 0.55

IMR 7013: (also known as M12)

Nitrocellulose 90.00
Diphenylamine 0.87
Tin 0.68

Potassium Sulfate 0.55
Dinitrotoluene 7.50

IMR 7383:

Nitrocellulose 83.67
Diphenylamine 0.88
Graphite 0.40
Dinitrotoluene 11.50
Dibutyl Phthalate 3.00
Potassium Sulfate 0.55

FORMULATION (CONTINUED)
IMR 8097:

Nitrocellulose 95.68
Diphenylamine 0.87
Dinitrotoluene 2.50
Potassium Sulfate 0.55
Graphite Glaze 0.40

SHAPE

Single-perforated cylinder
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COLOR

Graphite Coated: Shiny dark gray

DIMENSIONS
Perf Web
Prop Length | Diameter | Diameter | Inner | Outer | Average | # of

Model | Usage | (in) (in) (in) (in) (in) (in) Perfs [ Shape
IMR 4064 | sp.app. | 0.0450 0.0450 0.0110 - - 0.0120 1 cylinder
IMR 4878 | 20MM [ 0.0809 0.0750 0.0150 - - 0.0300 1 cylinder
IMR4895 | 30CAL | 0.0625 0.0430 0.0150 - - 0.0180 1 cylinder
IMR 4903 | 20MM [ 0.0850 0.0500 0.0100 - - 0.0210 1 cylinder
IMR 5010 | .50 CAL | 0.0809 0.0830 0.0210 - - 0.0310 1 cylinder
IMR7005 | 20MM | 0.0909 0.0830 0.0210 - - 0.0310 1 cylinder
IMR7013 | 20MM [ 0.0809 0.0800 0.0150 n/a n/a n/a 1 cylinder
IMR 7383 | 50CAL | 0.0850 0.0550 0.0240 - - 0.0120 1 cylinder
IMR 8097 | 7.62MM [ 0.0450 0.0450 0.0110 - - 0.0120 1 cylinder

IMR PROPELLANT

Note: Visually, a number of IMR formulations look identical. Each

unique size is represented in the photos below. Both actual size and close-
up photos are presented.

IMR 4064, IMR 8097 :

Actual size shown on left; close-up photo on right
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[Penetrator Ballistics Calculations |
[ Propellant Properties |

POWDER TYPE: IMR SR 4759 | POWDER TYPE: IMR 4831 |
GEOMETRY: CYLINDER (1 PERFERATION) GEOMETRY: CYLINDER
MEASUREMENT LENGTH 1D oD MEASUREMENT LENGTH 1D oD
1 (in) 0.025 0.042 1 0.081 N/A 0.038
2 0.055 0.022 0.045 2 0.08 N/A 0.037
3 0.06 0.024 0.043 3 0.081 N/A 0.037
4 0.056 0.023 0.044 4 0.08 N/A 0.038
5 0.058 0.025 0.046 5 0.078 N/A 0.038
AVERAGE 0.057 0.024 0.044 AVERAGE 0.080 N/A 0.038
STD. DEV 0.002 0.001 0.001 STD. DEV 0.001 N/A 0.001
POWDER TYPE: IMR 4350 | POWDER TYPE: IMR 7828 |
GEOMETRY: CYLINDER GEOMETRY: CYLINDER
MEASUREMENT LENGTH 1D oD MEASUREMENT LENGTH 1D oD
1 0.072 N/A 0.04 1 0.08 N/A 0.037
2 0.082 N/A 0.037 2 0.085 N/A 0.038
3 0.08 N/A 0.038 3 0.08 N/A 0.039
4 0.081 N/A 0.038 4 0.08 N/A 0.038
5 0.078 N/A 0.038 5 0.079 N/A 0.038
AVERAGE 0.079 N/A 0.038 AVERAGE 0.081 N/A 0.038
STD. DEV 0.004 N/A 0.001 STD. DEV 0.002 N/A 0.001
POWDER TYPE: IMR 4064 | POWDER TYPE: BLUEDOT |
GEOMETRY: CYLINDER GEOMETRY: CYLINDER
MEASUREMENT LENGTH 1D oD MEASUREMENT LENGTH 1D oD
1 0.085 N/A 0.032 1 0.008 N/A 0.055
2 0.078 N/A 0.029 2 0.008 N/A 0.057
3 0.084 N/A 0.031 3 0.009 N/A 0.055
4 0.089 N/A 0.033 4 0.007 N/A 0.06
5 0.085 N/A 0.032 5 0.008 N/A 0.056
AVERAGE 0.084 N/A 0.031 AVERAGE 0.010 N/A 0.0620
STD. DEV 0.004 N/A 0.002 STD. DEV 0.0007 N/A 0.002
POWDER TYPE: BULLSEYE | POWDER TYPE: UNIQUE |
GEOMETRY: CYLINDER GEOMETRY: CYLINDER
MEASUREMENT LENGTH 1D oD MEASUREMENT LENGTH 1D oD
1 0.005 N/A 0.035 1 0.005 N/A 0.035
2 0.006 N/A 0.033 2 0.006 N/A 0.033
3 0.004 N/A 0.04 3 0.004 N/A 0.04
4 0.004 N/A 0.041 4 0.004 N/A 0.041
5 0.003 N/A 0.039 5 0.003 N/A 0.039
AVERAGE 0.0030 N/A 0.0340 AVERAGE 0.0060 N/A 0.0620
STD. DEV 0.0011 N/A 0.003 STD. DEV 0.0011 N/A 0.003

Powder Type:

|Length (in] OD (in)fnsity (g/cfific Heat |

Impetus (ft-1b/1b) |

Bluedot

Unique

0.01

0.006

0.062

0.062

1.64

1.63

1.225

1.222

364500

368000
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APPENDIX B

Corners Method: Mathcad Numeric Modeling

Comers Basic Analytical Interior Ballistics Model
Appendix B

Projectile:

= ¥
dp__m.

W= 1. 3lbm

}'TEEJ':_I.

Propellant:
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o= 0037
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Gun:

3 .3
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c
Q= v 'R]'_ 3
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P = S6.067 x 10° psi

Pemax = 2401 x 104-1:51

3.
Pye =42.05% 10 -psi

17 = IGJ-E

I

- 3
‘Jx £ —

#
Vi = 3011775 —
s
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Ve = 4264 % !Dj-—
L]
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—1

A-m e+ —2)}-M+48
? = e Ra Tle+ 11 -2) ] —ﬂ-F!E.{I = 2110 x 10" psi
Al 2
1+ 0y
if
Ny M= 2243
is greater than

1y P
l:l—ﬂ}l-1+[b—— " =03
0 MRy,
Peak pressure occurs before-all bumt, if not, it occurs at all bumi

Distance at all burnt:  Values at All Bumt Poml (Subscript b)
Values al Peak Pressure Poinl (Subscript m)

Ap =11 —m)

14+ 6 1 i Ny MR+ H]l
J I M+ o) M+ 29

(= a]-M _28
= MeZu) M+ 0] (M+2-8y)

xb:=Bb+ C’a_ A.b=-13,ﬁ?6-m

Pressure at all bumt:

m ARy Z, 3

Pp=— = 760x 10 psi
b
Afxy +1.-(1 —-;1)]

Fraction of propellant bumit a3 max pressure:

Ein AlonpRy

B h_mi: R‘Eu

= 0.034
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(1+8)(EM+8,)
Zo—=— — 115
m M+ 2.8

b = (1= fu) (1 + B5y) = 0.602

Distance at maximum pressure.

Ap =1 (1= 1)

) M-(1 + 9:'2
Byi=lg(eM+ 40 ) 1- (M + 8y ) (M + 28

Wl (L + 9}2-[11-15.{-{5-1\{+ 2-84) - 2H{M+ HIH

AL (M+ H:]-(M £ 28]

- (eM+ 2-91:]3
T (eM+8y)

Bm Cm
xp=—+ — — A = 10658in Distance at Peak Pressure

Em Em
Maximum Pressure:

-
ARy (1 + 8 (eM+ 8
e ba ( I} = 14875 % mg-p;i Maximum Pressurs

AlEM+ 28 )2-[xm+ (1 q-:pm_f]

Velocity at muzzle exit:
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Ly + ic-(.i -1

= 1/38% Expansion Ratio From All Burmt
By +1.(1 -1
3 1—y
E-:«.? ';-(l . l) = 061
(1)
L-ml: i
Vme = |7 {M+Z,®)=2543008— Velocily al Muzzle
me III‘: 5
[Wl + T
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APPENDIX C

Coppocks Method: Mathcad Numeric Modeling

Coppocks Advanced Analytical Imterior Ballistic Model
Appendix C

Projectile Parameters:

dp =Zin Projectile Diameler

m, = 15bm Frojectile Mass

ls= 3in Frojectile Length

VP =0

wy = 1_(:5.;.,? Adjusted Projectile Weight {Recoil and Frction)
Propellant Parameters:

p=0351 £ Sold Fropeliant Bulk Density
3
om

It
7000

Cefinibon of a Grain

g

m_= 3000z Propellant Charge Mass
D=0031m Web Lnear Powder Buming Chmension

§=16722 Solid Propellant Density
3

3.
b= 0862 "~ Propellant Covolums

gm
Lp_s. Déin Powder Tube Length
D .
= — Shape Funclion B=03517
R,= jﬂ Specific Gas Constant
by mole-R
o = 0,037 2mole
om

Ty =3379K Adiabatic Flame Temperature

~=1222 Specific Heat Ratio
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m

Bum Rate Coefficient

= 0.000775 ——
s-pst

A= Sﬁsﬂﬂuﬂ Impetus Force Constant
om

Gun Parameters:

V.=60i0  Chamber Volume

Ly = 7Tlin Earrel Length

}éi:= 'TI.'-[ ?] Bore Area A= 3.'.[42-1':12

v
o= f — 19.099.in  Chamber Length Normalized to Barrel Length

Solution:
mﬂ
1+
2wy
Ry,=————=1042 Hallo of Breech Pressure to Average Pressure
: m_
1+
3—w_1

Vi=V.- E Total Volume

V= SBME Estimated Projectile Velocity For Heat Loss Caleulstion

d= E Umtless Vanables for Themll Equation
m
,ﬁh—.: 14 Hydrodyramic Bamel Roughness Factor
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APPENDIX D

Lumped Parameter Model: Mathcad Numeric Modeling

Propealiant Input Paramelers

Propellant Chamge Mass

Solid Propeflant Density

Covolume

Buming Rate Coefficient

Propeliant Specific Force Constant

Propellant Grain Radius

Propellant Grain Length

Prapellant Grain Innar Radius
Specific Heal Ratio

Bum Hale [ndex

m, = 50-gram
P, =005 &
P a_.3
i

3
G, = 2870 —
ok b

Tof it
Fy = ESSUOUT

G, = 00171

G=3x10 in

—3 bk
—324% 10 ke Coe=—r
m, o
P
3 ke [
P .=155%10 — =
p 3 %7 e
AL -
=
=t m3 G1'|
G, = L037x 10— N=——
| ke =
™
-2 m 1 BI
B,=5753x10 "———— B=
3 920 m 1
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Fy, = 1150790.8— Ao=—
ks 3
kg
G
G,—4318x10 'm R=—
=¥ m
G
- 1
G =762x10 'm L, =—
= m
_ G;
G, =6096% 10 m o=t
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GuniProjectile Inputs:

Projectile Mass my = 800 gramn
Projectile Cross-Sectional Area S, = 196-n]
Chamber Volume {no propellant)
Barrei Length By =18
Friction Rp=1x10°16¢
Constants:
Grawvity Constant g, =981
1
Definition of Grain Mass Unit gam= 0
5= 15

Seven Orndinary Differential Equations for Lumped Parameter Internal Ballistics Analysis:

Grven

L850 = V(8

A " AP F
d.. s d = b o
V0 = R0 LI
iy =spm"
dt
3 '
-
IO o k) I B
di R 3 dt
e

C,.=1126% 107>

By=0457m

Rp=4448N

Projectile Travel

Projectile Acceleration

Propellant Buming Rate Law

Rate of change of mass fraction
of prapellant consumed, sphencal

propellant grains

95

3

o
.
"
T2
m
s
€0 3
m
..
I"h_ﬂl
FI:E
N



4 k) 4 . Rate of change of mass fraction
I'EX('J (Kg - ) 2-;1’.(1) (Lg— J.-X(t]_‘]-{Rg = X{’)} of propellant consumed, extruded
i_Z{:} = g tubular propellant grains

2 2
LS-RE lg-R e

1
d . d d 2 12 Rate of ¢ch of
g [2 ._‘xm-{'.g £ X))+ z-;X(ﬂl (Rg= xc:}}]-{Lg e 0) ] Z-EX(:) [[_rg + X))~ (R, - X(1)) pm:B"a:i cameamm
dt

L, _(-Rgl = ,52) Lg'(kgz 3 'gl ] propellant grains

o
iv-r(q =AgVpin+ —mizu) = C.m-q-d—Z(_:} Total Chamber Volume
Py dt dt

d 1 d 2 ! 2 i 1,
) h-c:mzzm = (= 1)1+ B)-cm;zm-vp(t) -y -1){1+8) (Ws + ;-cmzcx)]-xl,(r)-;&?m NCmZ() ~ S
—P, (1) = = / _ 2
a ? V(1)
—_a
= vo')"
— _ t
. 2]"'_1 [1+%-~|—1'P—.k] L)
dp o8 toy—t Yplt) 2L B Vet dt P — A
== b(t) __pafu. 1+—- E = n(t)' —_ ase Fiessume AC
dt dt 3 B EgA B - . ¢V {I)E
e
2 15‘. 2 A
7 _ _
Pl P!
Py Py
V1 | = Odesolve | V7 |,1,0.01
X x
\r'p Vp
Sp 155 _
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Topa= |1 +0
tol « 000000001
while Sp(i} =Ly

This while loop finds the time when the projectile exits the barrel

14+ ]+t
i
g = 00022 = - :
Teng = 000221514 Endiime = Teng * Time = 0.00,0,0000001 _T__,
E'm“= j+0
tal « 0.00000001 This while loop finds maxmum pressure
while B (j + tol) > P_(j)
j& )+ 1ol
B,()
- g
Pnax = 3:182 10 Pressoee =P -Pa Pressure . = 46152-pu
7 ' 510 . l
h j il
/ 10 -
L 2N ol
Z(Time) X P(Time) 0 \
— 4sr ,-’l - ZXIEL \\\ —
/ f
/ ot/ s
e
= 1 I o e | |
o w107 B 4 P T e 8 |
Time Time
Z(T, 4) =174 P,(Topa) = 6,782 % 107 2
o
4
110 ' : 10> | |
10T ] 5
5 " 610 A
X CTime) 6x100 - / 5 J./
— a0 ¢ / E VyTime) g3~ Vil
/ : /
2100 / 7 2107 A
0 il —
| |
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