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SECTION

DESIGN FOR PROJECTION

PROPELLANTS AND INTERIOR BALLISTICS

PROPELLANTS, GENERAL

4-1. Introduction. The purpose of propellant
design is to select the correct formulation and
granulation to satisfy a given set of conditions.
The limitations imposed by these conditions
ccnstitute the design problems. To achieve the
desired results from a given propellant, it is
necessary to consider such factors ascartridge
case volume, rate of bore erosion, reduction
of flash and smoke, ballistic uniformity, and
high-velocity requirements balanced against
pressure limitations. It may not be possible to
satisfy all of these considerations; therefore,
a certain amount of compromise is necessary.

From practical considerations, propellants
should be made from relatively cheap, non-
strategic raterials which are available in
large quantity. The rate of burning of the pro-
pellant should be controlled so that the rate of
gas evolution does not develop pressure peaks
within the gun tube in excess of the gun stress
limits. The burnt propeilant should leave littie
or no residue, since unburned material cor-
rodes bores, creates sroke, and reduces gun
efficiency. It is also desirable that the explo-
sion gases be as cool as possible at the muzzle
to reduce flash and so prevent exposure of the
gun position by night. By the same token, it is
desirable that the explosion be smokeless to
prevent obsrcuration of the target or revealing
the gun position by day. Cooler-burning pro-
pellants decrease the tendency to erode bores.
While nitrocellulose has a certain amount of
inherent instability, it has retained its position
as a general ingredient of propeilants because
it can be made satisfactorily stable by the
addition of stabilizing material!s and because
of the lack of a large supply of more stable
materials possessing its advantageous char-
acteristics.

The black powder* originally used as a military
propellant has been completely displaced by
propellant compositions at one time referred to
as "smoakeless powders," which invariably con-
tain nitrocellulose. Smokeless powder is a
misnomer, because these propellunts are not.
used in the form of powder, and do liberate
varying amounts of smoke.

On a composition basis, propellants are divided
into the fcllowing three groups.

a. Single-Base Propellants. Nitrocellulose
is the principal active ingredient of single-base
propellant (see table 4-23). It may contain a
stabilizer (usually possessing plasticizing prop-
erties) or any other material in a low state of
axidation, in addition to nitro compounds. and
inhibiting or accelerating materials such as
metals or metallic salts. M1 propellant is an
example of a single-base propellant.

b. Double-Base Propellants. '"Dounle-base"
generally defines propellant compositions ¢on-
taining nitrocellulose and nitroglycerin. A bet-
ter definition describes adouble-tase propellant
as one containing nitrocellulose and a liquid
organic nitrate which gelatinizes the nitrocel-
lulose. It may also contain addities simular
to the single-base compositions. Nitroglycer:n -
propellants have not been used extensively in

*Black powder is the g'eneric name originally applied
to a mixture of charcoal, sulfur, and potassium
nitrate and pow also applied to compositions . -
taining bituminous coal and sodinm nitrate in .. .2

of the charcoal and potassium nitrate. The 7~ . .0
ratio of the components of the potassium -
charcoal-sulfur has remained essentially . ne

for over 400 years, since any modification

ratio has beea fornd to produce adverse resu.:
Although black powder is no longer used as a pr -
pellant, it is still used as an igniting mater:al for
propellants, time fuzes, base-ejecting shells, and
the like, Black powder is coated with graphite to
increase its loading density and to reducs the build- -
up of static charge.




the United States as standard propellants
because their high explosion temperature makes
them quite corrosive, reducing the service life
of the gun; furthermore, they may possibly be
in short supply in an emergency. M2 propellant
is an example of double-base propellant.

c. Triple-Base Propellants. These pro-
pellants have three basic active ingredients:
nitrocellulose, nitroglycerin, and nitroguani-
dine, in addition to such other additives as
may be necessary. M15 propellant is an ex-
ample of a triple-base propellant.

Table 4-23 is a breakdown of compositions
of standard propellants. In these compositions,
the dinitrotoluene and nitroglycerin act as
gelatinizing and moistureproofing agents which
contribute to the ballistic potential; diphenyla-
mine and ethyl centralite are used as stabi-
lizers; dibuvtylphthalate and triacetin are non-
explusive gelatinizing agents which also con-
tribute to flashlessness; nitroguanidine is dis-
persed throughout the nitrocellulose-nitro-
glycerin colloid as a finely divided crystalline
powder which contributes to ballistic potential
and flashlessness; potassium sulfate ané cryo-
lite are used as chemical flash reducers; while
tin is used as a decoppering agent.

4-2. Forms of Nitrocellulose. Some types of
nitrocellulose are distinguished by name, in-
cluding the following (see tab.e 4-2).

a: Pyraxylin, or collodion, is soluble in a

mixture of ether and ethanol and contains
from about 8 to about 12 percent of nitrogen.
Pyroxylin is distinguished from other types of
nitrocellultose by its partial solubility in ethanol.
The pyroxylin used for military purposes con-
tains 12.20 £ 0.10 percent of nitrogen, while that
used in the manufacture of blasting explosives
has a nitrogen content of 11.5 to 12.0 percent.

b. Pyrocellulose has a nitrogen content of
12.60 + 0.10 percent, and is completely soluble
in a mixture of 2 parts of ether and 1 part of
ethanoi. Pyrocellulose for military use is
manufactured from cotton linters or wood cel-
lulose obtained commcrcially from wood palp.

¢. Guncotton contains 13 percent or more of

nitrogen, that used for military purposes con- -

tairing a minimum of 13.35 percent. Only 6 to
11 percent of this type of nitrocellulose is
saluble in ether-ethanol mixture, but it is
completely soluble in acetone, as are prac-
tically all types of nitrocellulose.

d. Blended Nitrocelluloses are mixtures of
pyrocellulose and guncotton. These are designed

4-2
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to have desirable solubility and viscosity char-
acteristics as well as a specified nitrogen
conte nt.

PROPELLANT COMPOSITION

4-3. Criteria for Selection of Propellant Mate-
rials. In the manufacture of propellants it may
be desirable to incorporate with the nitro-
cellulose other materials in order to modify
the properties of the nitrocellulose. These
materials may be either incorporated or coated
on the surface, and are used to (1) increase
stability, (2) decrease hygroscopicity, (3) change
heat of explosion, (4) control burning, (5) re-
duce muzzle flash, (6) reduce smoke, (7) in-
crease electrical conductivity, and (8) reduce
bore residue. Table 4-1 lists some of the ma-
terials used to achieve these ends, with spe-
cific applications.

a. Stability. Since propellants mustbe stored
for loug periods and then must function re-
liably when used, they must not decompose in
storage. Of primary concern is the fact that

. nitrocellulose by itself is not stable. In com-

mon with other nitrate esters, nitrocellulose
breaks down autocatalytically to yield acid de-
composition products which accelerate the
decomposition rate once decomposition has
started. Stabilizers are added to the propellant
colloid to reduce the decomposition rate.l

Stabilizers react with the acid decomposition
products, as they are formed, to neutralize
them and thus prevent acceleration of the de-
composition. When dateriorationhas progressed
to a point where the neutralizing action of the
stabilizer i{s no longer significant, the de-
composition rate acceierates. The appearance cf
an acid odor arnd subsequently visible red
fumes indicate that the propellant has become
unsafe for further storage or use. (See para-

~ grapns 4-65 through 4-75.)

b. Hygroscopicity. Hygroscopic propellants
are undesirable both because absorption of
moisture reduces the ballistic power, and ren-
ders the propellant unstable chemically and
physically, and because variations in moisture
content alter the ballistic characteristics un-
predictably. Propellants are made as non-
hygroscopic as possible by including moisture-
resisting materials in the colloid or by coating
the surface of the propellant grain with mois-
ture-resisting materials. .




c. Heat of Explosion. The heat of explosion
is cuntrolled to reduce muzzle flash and bore
erosion, since high heats of explosion produce
muz:le flash and high rates of bore erosion,
esprcially at high rates of fire. I'or discussion
of flash from guns see references 2, 3, 4, 5,

6, 7, and 8. The heat of explosion is governed -

by the material included in the propellant
composition. A high oxygen conient produces
a high heat of explosion; therefore, it is ad-
visable to formulate propellant compositions
with low oxygen balance to lower the heat of
explosion. ‘

d. Control of Burning. The rate of burning

is controlled to govern the pressure within the-

gun tube and to reduce flash. In addition to
being controlled by proper grain geometry
(paragraphs 4-10 through 4-20), the rate of
burning may be further modified by coating
the propellant grain with a deterrent material
that diffuses into the grain and makes the
outside surface burn slower than the main
body of the propellant. The depth to which the
deterrent diffuses into the surface is con-
trolled by the temperatvr2 and duration of the
coating process.

e. Flash and Smoke. The importance of the
elimination (or at least reduction) of muzzle
flash and smoke lies in the elimination of a
source of detection of the gun battery and in
the prevention of target obscuration. The goal
in design for flash reduction is a propellant
that will be consumed close to the breech,
thereby allowing the combustion products to
cool before they exit from the muzzle. 'fThis
goal is opposed to the high muzzle pressure
necessary to produce high projectile velocities.

Muzzle flash may be resolved into two com-
ponents. The first flash is due to the burning
of incandescent propellant gases, occurring

.at the muzzle, immediately after the emer-

gence of the projectile. The second flash, due
to the combustion of Hy and CO in the pro-
pellant gases with atmospheric oxygen, occurs
a fraction of a second later some distance in
front of the muzzle. Its illumination intersity
is far greater than the first flash.? Alkali
metal salts have been found effective in re-
ducing secondary flash, as they prevent the
chain reactions which occur in oxidation of
hydrogen to water; they also form nuclei in the
emergent gases on which the explosion-pro-
duced water vapor may condense, thereby cre-
ating smoke.3

An alternative method of reducing flash is to
incorporate large amounts of nitrogen into the
propellant composition thereby diluting the
amounts of inflammable H2 and CO in the
muzzle gases. Oxygen balance is important in
the reduction X flash and smoke because an
adequate supply of oxygen reduces smoke by
converting all of the carbon in an explosive to
gaseous form.

f. Electrical Conductivity. Graphite is coated
on the grains to increase their surface elec-
trical conductivity in order to reduce thedanger
arising {rom an accumulation of a static charge
during propellant handling..-The graphite also
serves to lubricate the grains and so increases
packi.ig density.

g. -Residues. Propellant formulations are
compounded so that unoxidized carbon remains
low, since unburned carbon produces bore res-
idue and smoke. Lead carbonate and tin are
materials that may be added to reduce copper-
ing.

Table 4-1 lists some of the more commonly
used materials that are added to propellants

" and indicates their functions. It should be

noted that some items are muiiipurpose.

4-3




Table 4-1

Substitutes and additives

Function

Reduce
bygroscopicity
Stabilizer

Plasticizer

Material

Deterrent

Reduce
flame temperature

Reduce
flash

erosion
conductivity

Control
burning rate

Reduce bore
Increase electrical

Source of caygen

»

Nitroglycerin (NG) X

Nitroguanidine

Dinitrotoluene (DNT) X X

X X

Methyl centralite (Sym-
dimethyldichenylurea) X

Ethyl centralite (Sym- '
diethyldipnenylurea) X X X

—

Diethyleneglycoldinitrate (DEGN) ‘ X«

Diphenylamine (DPA) xt

_ Dibutylphthalate (DBT) ‘ X X

Diethylphthalate (DET)

Trinitronaphthalene X

Mineral jelly Xv X

X

Barium nitrate

Potassium nitrate

Potassium perchlorate

Potassium sulfate

LA B R

Tin (powdered)

Graphite

Carbon black

Cryolite

* Thermally more stabie than NG,
t Stabilizer for single-base propellants only.
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MANUFACTURE OF PROPELLANTS

4-4. Description of Propellant Manufacture. . -

The basic propellant material is nitrocellulose,
which is made by nitratirg cellulose derived
from cotton linters or wood pulp. The manu-
facture of nitrocellulose propellants -consists
of two distinct processes: (1) manufacture of
the nitrccellulose, and (2) manufacture of the
propellant from the nitrocellulose. Njtrocellu-
lose is a nitrate formed by esterification of
cellulose. The wood pulp is. purified at a pulp
mill by either the sulfite or sulfate process to
yield a high alpha cellulose content, and sent
to the nitrating plant incontinuous rolls. Linters
cellulose is bleached and sent to the nitrating

plant in bales. At the nitrating plant the wood

‘cellulose is shredded, .and the linters are
picked to expose the fibers, ‘and then dried.
Nitration is accomplished by the du Pont me-
chanical dipper process. The proper degree of

nitration results by adjustment of the nitric’

. acid-sulfuric acid-water ratio. When nitration
is complete, the contents of the nitrating vessel
are centrifuged, and the acid fortified for re-
use. The nitrocellulose is submitted to a
lengthy series of acid and neutral atmospheric
pressire boils to remove occluded acids. This
comprises the stabilization process. “rhis pro-
cess also accomplishes a -certain amount of
viscusity rediction. At the conclusion of stabi-
lization the nitrocellulose must meet the sta-
bility, physical, and chemical requxrements of
Specification JAN-N-244.

Table 4-2
Military grades of mtrocellulose
(Per Specificaticn JAN-N-244)
o ‘ Nitrogen,
Grade Class percent
Grade A Pyrocellulose .
Type 1 i l 12,50 £ 0.10
Type 11 ' 12.60 + 0.15 -
Grade B Guncotton . 13.35 minimum
Grade C Blended (guncotton) . )
Type 1 . o 13.15 + 0.05
Type 11 . ] 13.25‘._*‘ 0.05
Grade D | Pyroxylin (collodion)| 12.20 £ 0.10

The grade of nitrocellulose in widést military
use contains 13.15 percent nitrogen. This grade
is blended from pyrocellulose (12.60 percent
nitrogen) and high grade guncotton (13.35 per-
cent nitrogen). See paragraph 4-5. The pyro-
cellulose is soluble in the ether-ethanol solvent
while the guncotton is soluble only to a limited
degree, so that the pyrocellulose acts as a

‘binder.

Nitrocellulose is softened or gelatinized by
various volatile and nonvolatile solvents, in-
cluding ether-alcohol mixtures, acetone, nitro-
glycerine and other niirate esters, and di-
tutylphthalate and other phthalates. In the gela-
tinized state, it may be formed by extrusion or
rolling.

4-5. Colloiding. The product obtained by dis-
solving' nitrocellulose in a mixtaire cf ether and
ethyl alcohol is called the colloid. Since water-
wet nitrocellulose will not dissolve in the ether
alcohol solvent, it is centrifuged to .approxi-
mately 30-percent moisture content- and then
dehydrated by forcing alcohol through the nitro-
cellulose under pressure. The alcohnl-saturated
blocks of nitrocellulose, as they are received
from the dehydrating press, are put into a
dough mixer, to which, uafte~ the blocks are
broken up, the additional solvent is added. This
step in the process is continued until a satis-
factory colloid is obtained.* Diphenylamine or
other stabilizer (dissolved in the solvent) is
also added at this stage. From the mixer, the
crumbly mass is blocked under pressure, and
is worked until it is freed from lumps.

In their colloided form, the constituents of the
propellant are packed together so densely that
the hot gases d. not travel through the mass
as they would if the propellant grain were
porous, but instead, the gases travel across the
grain surface. Burning is stabilized by the

_transfer of energy from the burning zone into

the body of the grain. The burning surface re-
cedes into the solid at a relatively low velocity.
The linear rate is independent of the grain
shape. The result is that the propellant burns
in layers at a rate that can be controlled by
varying the pressure. The mass rate ‘is a
function of shape in addition to other things.
Proper rate of conversion of propellant to gas

*The determmatlon of "satlsfactory" colloid is still

. an art,
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is brought about by dimensioning of the grain
to give the proper surface area. The proper
grain shape is produccd in the final manu-
facturing operation by forcing the colloid
through dies. (See paragraphs 4-7 through
4-9.) As the propellant comes from the grain-
ing dies, it contains almost 50 percent solvent,
whose recovery is an important consideration.
The 'green' grains shrink as they are dried
and this shrinkage mus: be allowed for in the
design of the graining dies. Purposeful solvent
recovery is carried on until the concentration
is reduced to about 12 to 15 percent, after
which it is no longer economically feasible.
The remaining solvent, down to 0.2 to 3 per-
cent, depending on grain size, is removed
either by air drying or waterdrying.1,2 Double-
base propellants are not subjected to solvent
recovery or water drying.

The process just described is the conventional
method of manufacturing artillery propellants,
which may vary in web from 0.014 to 0.100
inch. When dimensions get larger than this,

. snlvent recovery is such a difficult problem

that solventless methods are used. These
methods will not be covered here, since they

find very little application in artillery pro-
pellant manufacture.

For an alternative method of propellant manu-
facture that has been successfully applied to
small arms propellant manufacture, see ref-
erence 3. This is the Ball Powder Process
used by the Olin Mathieson Chemical Corpora-
tion. Although apparently competitive with the
conventional solvent-extrusior process for
small arms propellants, it does not seem
suited for production of larger granulations.

4-6. Relative Costs of Propellant Manufacture.
1t is not economically feasible for commercial
manufacturers of explosives to maintain plants
for production of military explosives in peace-
time. For this reason, the Ordnance Depart-
ment has established contractor-operated sys-
tems at Ordnance plants to handle wartime
military requirements and siandby or reduced
production in peacetime. Table 4-3, prepared
bv the Ordnance Ammunition Command, gives
some indication of the relative costs of buying
propeliant materials commercially (where
available) and manufacturing in gZovernment
plants.

Table 4-3

Ammunition component cost for the quarter ended 31 December 1954,
propellants, explosives, and chemicals

L T epr

Mfg. Cost
Purch. orjor Purch.{ Indirect Total

f Nomenclature Gov't.Pit.| Price Cost-3% Cost | Unit
Barium ;Nitrate. Class D, Granulation 140 Purchased| $0.168 $0.005 $0.173 Lb
Dinitrotoluene Gov't. Plt. 0.119 0.004 0.123 | Lb
Dlphenylémine Gov't Dit, 0.387 0.011 0.398 Lb
Diphenylamine-Grained for Powder Gov't. PIt. 0.366 0.011 0.377 Lb
Ethyl Centralite (Carbamite) Class Il Purchased 0.928 0.028 0.956 Lb
Mortar, 4.2", M8 (Increment Charge M6 and )
Increment Charge M8) Gov't Pit. 1.49 0.045 1.535 Lb
Mortar, 60-mm and 81-mm, Increment Packaging
(Increment M1A1, M2A1, and M3Al) Gov't. Pit. 3.18 0.10 3.28 b
Nitroglycerin Gov'tPlt, |  0.204 0.006 0.210 | Lb
Nitroguanidine Class A or B Purchased 0.26 0.008 0.268 Lb
Powder, Black, Grade A4 Purchased 0.33 0.01 0.34 Lb

4-7
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Table 4-3

Ammunitior. component cost for the quarter ended 31 December 1954,
propellants, explosives, and chemicals (cont)

Mfg. Cost
Purch. or |or Purch.| Indirect | Total

Nomenclature Gov't. Plt, Price Cost-3% | Cost | Unit
Powder, Black, Meal Grade Purchased 0.32 0.01 0.33 b
Powder, Black, Grade FFFG Purchased 0.316 0.009 0.325 Lb
Powder, Black, Grade Al Purchased 0.311 0.009 0.320 Lb
Powder, Black, Socdium Nitrate, Class A Purchased 0.11 0.003 0.113 Lb
Propellant, M2 Purchased 0.67 0.02 0.69 Lb
Powder, Black, Potassium Nitrate, Cannon Grade Purchased 0.33 0.01 0.34 Lb
Propellant, M6 Purchased 0.574 0.017 0.591 Lb
Powder, M9, for Ignition Cartridge M4 and M5
(60-mm Mortar) Purchased 1,03 0.03 1.06 Lbh
Powder, M9, for Ignition Ca.rtridge M3 and M6 '
(81-mm Mortar) Purchased 0.82 0.025 0.845 Lb
Propellant, IMR 4895 Purchased 0.70 0.021 0.721 Lb
Propellant, IMR 4396 Purchased 0.70 0.021 0.721| Lb
Propellant, IMR 7005 Purchased 0.75 0.023 0.773 Lb
Propellant, M12, IMR 7013 Purchased 0.70 0.021 ‘ 0.721 Lb
Propellant, Western Ballv. Type II, WC 820 Purchased 0.799 0.024 0.823 Lb
RDX Gov't Plt. 0.382 0.01 0.392 1b
Solvent, Double Base Multiperforated Propellant
(M2) Gov't, Plt, 0.783 _ 0.023 0.806 1b
Solvent, Single Base Multiperforated Cannon
Powder (Propellant M1, M6, and M10) Gov't. Plt, 0.42 0.012 0.432 Lb
Solvent, Single Base Single Parforated Propeliant Gov't, Plt. 0.474 0.014 0.488 Lb
Solvent, Triple Base Single Perforated Propellant Gov't. PIt, 0.597 0.018 0.615 b
Trinitrotoluene Gov't. PIt. 0.145 0.004 0.149 Lb

REFERENCES AND BIBLIOGRAPHY

1. Tschappat, W. H., ""Textbook of Ordnance and Gunnery," John Wiley and Sons, New York,
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DETERMINATION OF GRAIN DESIGN FOR A
SPECIFIC WEAPON

4-7. Fitting the Web to the Gun. The potential
thermal energy of a propellant when fired in a
gun is partially converted intothe kinetic energy
of the projectile. The proportion of the tctal
available energy that can be communicated to
the projectile is limited by the length of travel
of the projectile in the gun tube, maximum
pressure, expansion ratio, friction and heat-
conduction energy losses, and so on. The re-
quired maximum pressure is controlled by the
balli~*ician through the proper choice of pro-
pel. rranulation web. The web and propellant
weig... combination which produces maximum
velocity at a specified pressure is the optimum
charge.

Propellant grains are commonly designated as
either degressive or progressive. Adegressive
grain burns with a continually decreasing sur-
face until the grain is completely consumed,
while a progressive grain burns with a con-
tinually increasing surface. The burning rates
are functions of the grain geometry (form).
(See paragraphs 4-10 through 4-20.) Because
of nonsimultaneity of ignition, end-burning,
nonuniformity of web, and nonhomogeneities of
various types, all propellants are somewhat
degressive. In general, it is not practical to
manufacture grains that are wholly degressive,
or wholly progressive.

A propellant designed to fit a given set of bal-
listic conditions must have its burning ratc
closeiy controlled, which is accomplished
within close limits by proper design of the web

dimensions. Burning may also be controlled by’

diffusing a material, which decreases the rate
of burning of the propellant, iato the surface of
the propellant grain. In this discussivn, it is
assumed that the selected composition is com-
patible with the several general requirements,
such a8 hygroscciicity, stability, and so on
(see paragraph 4-3) which are prerequisites
for any propellant composition. Based on this
assumption, the proper design ard subsequent
acceptance of a particular composition for a
given weapon is made as follows.

At least three sma'l lots of propellant are
made for the particular weapon to which the
improved composition is to be fitted or for

which a propelling charge is required.®* With
a knowledge of the weapon characteristics and
of the functioning of other propellant com-
positions in the weapon, an attempt is made
to manufacture these three propellants over a
fairly wide web range; one lot will have a web
that burns slightly too slowly, one will burn at
nearly the correct rate, and one will burn a
little too fast for the weagon.t

Each of the three lots of propellant is test-
fired in the weapon for which it is being de-
signed, in order to establish the charge-veloc-
ity and charge-pressure relationships. This is
done by slowly building up the amount of charge
used until a quantity of charge is reached that
will produce the service velocity of the weapon,
or to a point where the firings must be dis-
continued either because the pressure limit has
been exceeded or because the chamber capacity
has been reached. Since further calculations
are based on the results of these test firings,
they should be conducted with care.

The following is an application of the principle
described above: Figure 4-1 represents the
charge-velocity and charge-pressure curves
for three experimental lots of propellant plotted
on the same ordinate. Examining these curves,
it can be determined that Lot 1 does not meet
the ballistic requirements oi the weapon be-
cause the rated maximum pressure (48,060
psi)t will be exceeded before the desired
muzzle velocity of 3,500 {t per se: is attained;
the medium web propellant (Lot 2) also fails
to meet requirements for the same reason;

*From preliminary interior ballistic calculations
there protably is available an estimate of the web
required. However, it is usually considered ad-.
visable to test-fire webs slightly larger and slightly
smaller (+10 percent) than the estimcted web, in
addition to the onme indicated, because of the lack
of specific data providing an accurate value of the
burning rate,

T The relative quickness of a propellant is defined as

the ratio of dP/dt of a test propellant to dP/dt of a
standard propellant of the same composition taken
at the same initial temperature and loading density
of a closed chamber (bomb). (See paragraphs 4-10
through 4-20,)
The rated maximum pressure for any type of gun
is that value of the maximum pressure which ic
specified in the propellant specification as the
upper limit of average pressure which may be de-
veloped by an acceptable propellant in the form of
propelling charges which will impart the specified
muzzle velocity to the specified projectile.

e — e ————




the slowest propellant (Lot 3) can meet the re-
quirements. The completion of propellant selec-
tion depends on the interpretation of these
curves.

Figures 4-2 and 4-3 are constructed from data
taken from the curves of figure 4-1. Figures
4-2 and 4-3 are called "design curves." Figure
4-2 represents the relationship between web
size and velocity at 95 percent of the rated
maximum pressure¢. Figure 4-3 isa web-charge
curve, at service velocity (3,500 ft per sec),
plotted from values taken from the charge-
velocity curves. The values used for plotting
curve 2 are obtained by tracing, on the charge-
pressure curve of figure 4-1, the abscissa
which represents 95 percent of the rated maxi-
rum pressure (46,000 psi). Wherever this trace
intersects a pressure curve, the ordinate of the
intersection is traced to the right to where it
intersects the corresponding charge-velocity
curve. From this latter intersection, the cor-
responding velocity 1s obtained. This value is
plotted against the web of the propellant in
figure 4-2. Having obtained the web-velocity

curve (figure 4-2);, the ordinate representing
the service velocity: (3,500 it per sec) can be
traced to the point of intersection with the
curve, and the corresponding abscissa deter-
mined. This valué represents the web that
will give a service velocity at 95 percent of
the rated maximum pressure. In this example,
the most desirable web to meet the ballistic
requirements is found to be 0.099 inch. Pro-
jecting this web value vertically to figure 4-3,
it is found- that approximately 409 ounces of
propellant will be required.

While the determinationof the optimum web"
was successful in this particular example, it
may not be so successful under all conditions.
For instance, it may be that the normal bal-
listic requirements of a .certain weapon are
too severe for a given propellant composition.

4-8. Determination of Web Range. Once the
optimum web for a given composition has been
determined, it may not be feasible to manu-
facture a grain with exactly the prescribed
dimensions. To meet this difficulty, a web
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Figuve 4-1, Pressure velocity curve
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resenls the vrelationship between webd size
and velocity at 95 percent of the rated max-
imum pressure, and figure 4-3 (below) is a

web-charge curve
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range of thiclkness must be established. The
lower limit of web thickness is set by pressure
limitations, while the upper limit depends on
such thirgs as flashlessness and chamber ca-
pacity. To establish the web range, it is neces-
sary to f{ire several propellant lots with web
thicknesses approaching the maximum and mini-
mum web limits in the particular gun for which
the grain is intended. To indicate any tendency
to produce erratic pressures, the charge weights
of these firings should be somewhat in excess
of those required to give service velocity. The
web range established should be as wide as
possible {ur manufacturing feasibility when the
gun-ammunition combination is desired to de-
liver a velocity close to the maximum attain-
able. Under this condition, the web range that
will satisfy the requirements is very narrow
and requires tight control of manufacturing
j'rocesses.

Since the optimum web was determined by
assuming 95 percent of the rated maximum
pressure, it is therefore the thinnest web that
can be used. Any material reductizn of the web
will iend to develop a service pressure in ex-
cess of the allowable maximum. However, thin
webs (which tend to produce high pressures)
are somewhat desirable since they require
less charge to meet a given set of ballistic
conditions.

Large webs tend to leave unburnt propellant
at the muzzle and to increase the muzzle
pressure. Both factors increase the tendency
to flash. If the web is too thick, the chamber
capacity may be exceeded before the velocity
level is attained. In certain large-chamber,
higl. -velocity guns the velocity at a constant
Jressure may begin to decrease as the web
exceeds a certain value (this is not a common
occurrence with normal guns).

4-11
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DESIGN OF DIES AND PIN PLATES

LIST OF SYMBOLS*

D = maximum outer grain diameter
Dg = die diameter, or external diameter of
green grain
Dp = dry grain diameter
d = inner diameter of grain perforation
= pin diameter, or green perforation di-
ameter
dp = dry perforation diameter
L = grain length (usually 2 to 3 times the
maximum diameter)
W = web, or minimum distance between

two directly opposing surfaces

Wi = inner web, or minimum distance be-
tween two directly opposite interior
surfaces of the grain

Figure 4-4. Mulliperfosated grain

4-9. In paragraphs 4-7 and 4-8, the procedure
for establishing web size was described. In
this section, the procedure for designing the
proper-sized die to manufacture a grain of
desired web size will be described.

Propellants are shaped into their final form in
a plastic condition. This plasticity is the re-
sult of the use of volatile solvents to disperse
the nitrocellulose among the other ingredients
of lav coiluid. Subsequent evaporation of the
solvents during the drying srocess causes a
shrinkage of the grain that 1 .ust be allowed for

*See figure 4-4 for application of symbols,

Wig = green inner web

Wip = dry inner web

Wo = outer web, o:. minimum distance be-
tween an interior surface and a di-
rectly opposing exi2rior surface

Wog = green outer web
WoD = dry outer web

W3 = average of the inner and outér webs
WaD = average dry web

P = pin circle diameter -

Swo = percent shrinkage of outer web

Swi = percent shrinkage of inner web

S84 = percent shrinkage of perforation

in the grain design. As stated in the preceding
paragraphs, a major factor in the control of
burning rate is the control of the web dimen-
sions. Once the dry grain dimensions and per-
centage shrinkage for a given composition have

. been established, the propellant can be made

with reasenable assurance. that its dry dimen-
sions will be close to expectation. The follow-
ing formulas are used. .

Swo= o8- WoD 160 (1)
Wog .

.wig - %ip
= 2
Swi Wig x 100 (2)

- a7 ‘
Sq = 95.3-_'—94 100 (3)
g

Dp = 3dp + 4W,p (for multiperforated grain)(4)

dg (pin size) = _9 100 &
160 - Sq
Wid + W
_Wap = —id—y—ﬂ ()
WoD _ 4 00 to 1.1 (for multiperforated (7)

.. Nid " grains)
| Dg (bore) = 3ug + 2Wog + 2w?g (8)
P (bin diameter circle) = 2dg + 2Wig  (9)
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WoD ;100 (10)

Wog = —90
%8 = 100 - Swo
Wip

Wig = — 1D x 100 11

'€ " 100 - Swi (1)

For example, to design the die and b‘in plate
necessary for the manufacture of a propellant

with an average web of 0.0220 inch and a per-

foration diameter of 0.0127 inch, assume the
'shrinkages for this composition for this web
are Sd = 21.0 percent, Swo = 35.0 percent,

Swi = 25.0 percent, and the ratio WLD = 1.04.

iD
The solution is as follows. :

o 0.0127 ’
dg (pm snze) = 1—66-__2 X 100 = 0.0151 (5)

Wop = 0.0229 in. and Wip = 0.0211 in,

= M= 0.022 in

- _%ob o K
Wog = 00~ s0g © 100 (10)
0.0229 :
= m x 100 = 0.0352 in,

4-14 oy

Wip

Wig = 555 X 100 (1)
00211 .
= 100 - 25 X 100 = 0.0281 in.
Dg (bore) = 3dg + 2Wog + 2Wig (®)

D',; = 3(0.0161; + 2(0.0352) + 2(0.0281) = 0.175
P (pin circle diameter) = 2dg + 2Wig

P = 2(0.0161) + 2(0.0281) = 0.0883

This completes all the data required for multi-
perforated propellant except the length, which
is usually about 2.1 times the dry diameter (D).
The dimensions of the die, pin plate, and length
of cut are:

dg = (pin diameter) = 0.0161 in.
Dg = (bore diameter) = 0.175 in.
P = (pin circle diameter) = 0.0883 in.
L = (grain length) = 0.110 in.

This example is typical for web calculations.
The shrinkage values actually vary widely for
different propellant compositions. Represenia-
tive shrinkage data for some common pro-
pellants are given in table 4-4.
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Table 4-4

Representative shrinkage data (percentages)

,
Web
Composition Type (dry) L S4 Swi Swo W,
M1 MP .03 7 25 40 27 33
SP .02 3 10 20
M2 MP .035 3 14 20 20 20
SP .03 4 33.5 eee 7 _J
.09 1.3 14 25.5
M6 MP .103 3.5 27 32 24.5 28.5
M10 MP .04 6 38 40 29 A
.024 9.5 40.5 34.5
SP
.018 5.2 49 . 30.5
M15 MP .085 2 13 7.5 7.5 7.5
M17 MP .098 1 10 13 1 7.5

P R Y
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CONTROL OF BURNING SURFACE

4-10. Notation. Each of the authors of the
various bal'istics systems which we are about
to consider has used his own set of symbols to
define the parameters involved. Because this
condition exists in the literature, it has been
difficult to standardize on any one set of sym-
bols. However, where possible, an attempt has
been .rade to use consistent notation here. In
the instances where different notation has been
used by different authors to define the same
quantity, the symbols havz been changed to read
alike. Where apparently similar, but not iden-
_tical, quantities have been encountered, it has
"been impossible to identify such parameters by
uniform notation, and, in such cases, the sym-
bols from the original treatises have been re-
tained. Tables of the original notation found in
the references are given in table 4-7.

4-)1. Burning of Propellants. The burning of
propellants is a surface phenomenon. A pro-
pellant grain burns in parallel layers, in di-
rections perpendicular to its ignited surfaces,
at a rate dependent on the initial temperature
and pressure. Under constant pressure, a pro-
pellant LGurns with uniform veiocity. An in-
crease in initiai temperature or pressure
causes an increase in the characteristic burn-
ing rate of a composition, so that a rapid
acceleration of burning rate results from burn-
ing a propellant under confinement. Under
variable pressures, as in a gun, a grain will
burn at a variable rate.

4-12. Linear Burning Rate. The linear burning
rate is the distance (in inches) normal to any
surface that the propellant burns in unit time
(say, one second). Thecretically, this property
is a function of the chemical composition of the
propellant and is not a function ot propellant
geometry. At present, there are two methods
used io determine burning rates, the strand
burner and the closed bomb.

a. Strand Burner. This method is applicable
only if the propellant is in the shape of a
strand, or a strip, such as in rocket pro-
pellants (in which it has its most pertinent
application). This device measures the time
required for a propellant strand to burn a
predetermined distance (five inches between
fixed electric probes). With this method, it is
possible to measure burning rates at any tem-
perature. However, burnirg rates are usually

4-16

measured at -40°C, +21°C, and +71°C, at pres-
sures varying from atmospheric up to 50,000
psi at any specified pressure intervals.

b. Closed Bomb.2 This method is used for
most gun propellants, which are not usually
manufactured in the form of strands. The
closed bomb is a thick-walled, steel-alloy cyl-
inder with removable threaded plugs in front
and rear which permit access to its interior.
The front plug contains the ignition mechanism,
aud the rear plug contains a piezoelectric gage.
The bomb is cooled by a water jacket.

The closed bomb test is used to obtain data,
under varying conditions of temperature and
pressure. for use in determining the interior
ballistic properties of propellants, such as the
linear burning rate, relative quickress, and
relative force. This test allows a prediction
to be made of the behavior of any given pro-
pellant in any gun, serves as a manufacturing
control test, and may serve as a substitute for
proving ground tests. Usually, the output of the
gage is recorded as time-rate of pressure rise
as a function of the pressure.

When the ciosed bomb test is used, a com-
parison is made bztween closed bomb results of
a propellant under test and of previous lots of
propellants o the same composition of known
Lallistic value. Mnthematical treatment of
closed bomb results, dP/dt as a function of p,
together with propellant granulation form func-
tions (paragrarh 4-20), yields the linear burn-
ing rate dX/dt. The actual method of obtzining
the data may vary at different establishments,
but at Picatinny Arsenal an oscillcgraphic
method is used, which mezsures the pressure
develecped in the bomb by means of a quartz
piezoelectric gage. The circuitry used enables
the charge generated by. the gage to cause the
horizonial deflection (Vy) of an oscilloscope
trace to be proportional to the pressure (P) in
the bomb, while vertical deflection (Vy) is
proportional to the rate of change of pressure
(dP/dt) at the same instant. The maximum
pressure developed in the bomb is measured
as the maximum horizontal deflection of the
trace.

In this method, the data are obtained as oscillo-
grams superposed on rows of calibration dots.
(See figure 4-5, which illustrates a typical
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trace.) The dots are set 0.25 volt apart (cor-
responding to approximately 5,006-1b pressure
increments) and distances between dots are
measured by use of a transparent interpolator,
shown in figure 4-6. The complete description
of the apparatus and test procedure may be
found in reference 1. Interpretation of the data
obtained from the oscillograms enables a de-
termination of the ballistic properties of the
propellant under test.

\

Figure 4-5. Pressure (P) versus rate of
change of pressure (dP/dl)

" Figure 4-6. Transparen! interpolator

This description is confined to methods of cal-
culation and interpretation of the data obtained.
The values of Vy and Vy may he converted
respectively_;o values of pressure and rate of

change of pressure by equations (12) aad (13),
which are derived in appendix I of reference3.*

P = K(CxVy) (12
dE/dt = 1 = (13)
¥ !_1 -om (—l
. Cx
where
P = pressure developed by the burning
propellant
dP/dt = time-rate of changc of pressure of
the burning propellant
K = gage constant of tne piezoelectric
gage
Vx = voltage across the capacitance Cx
Vy = voltage across resistance R
Cx = capacitance of the gressure-meas-
urirg circuit
Cy - capacitance of the rate-of-change
measuring circuit
R = resistonce in the rate-of-change
measuring circuit
Am = slope = AVy/4Vx at any point on

the curve.
The expression

1
-am(SX
~an8)

is a correction factor duve to the capacitor C
in the rate-raeasuring circuit. A nomograph has
been devised which enables this correction
factor to be read directly from the d4P/dt
curve with a minimum of mathematical
computation.

*For the sake of consistency within this section, the
symbols of the original reference have been substi-
tuted as follows:

Original reference3 This handbook
a = covolwuc »f propellant -
aj = covolume of 1gi.iic”
B = shortened aotation for
equation (15) - "
C = shortened notation for
equatfon (16) =H
h = propellant web =W
m, = weight of unburned propellant =C
m; = weight of igniter = Cy
w = grain width =D
Z = {raction of web burned = N/C
slope = Ay _/AV =Am
Xy
4-17
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To calculate a linear burning rate from the
oscillographic data obtained, a method used at
Picatinny, considered to be the best-balanced
between accuracy and speed, uses equation(14).

dx _ dz/dt (4
dt ~ 5x/Vo ' (,l )

( 1 )-/_N__ 1 )2 P (L)
G G t \P- Pj
1+ LR \1 * BT o . _

Se/Vo

where .
P and dP/dt are obtained as described above
Pij is the pressure due to the bLurning of
igniter alone, which is obtained empirically.
About 300 psi are developed by two grams of
black powder in a 174-cc¢ bomb. For rough
approximation, Pj in equation (14) may be taken
equal to zero.

G is calculated from equation (15).

(Pmax- P [1-(r+&a D]
G= Ci (15)
- (n - b)Do

C = weight of propellant
= weigat of igniter
n = propellant covolume by the method of
reference 4. For sample calculation,
see reference 3, Appendix II-F, p. 19 {f.
nj = xgmter covolume assumed tc be 0.87
cm3/gm. (See reference 5.)
Do = loading densnty of propellant,
C/vp
~ b = specific volume of propellant; the re-
ciprocal density before combustion.
(For sample computation, see refer-
ence 3, Appendix II-G, p. 20.)

alone,

H is calculated from equation (16).

(o Sn)
1- +Fm o

(n- b)Do

(16)

fraction of powder burned

S [ -

) l_(l+ 13—;6—13{)

N_
Z=¢c

dZ/dt = rate of burning of fraction of powder

burned at time t = 17
1 1 \? jer(_m_
l*p.ipi -'i*p.Gpi dt \P - P;
Sx/Vo = ratio of surface area tooriginal volume

when grain has burned a distance x,
normal to grain surface.

Form functions of Z and Sx/Vo in terms of X
may be calculated for each grain geometry. The
form functions for the most common geom-
etries are included in paragraph 4-20, where
they are correlated with their equivalent ex-
pressions in the Hirschfelder interior ballistic
system.

A consideration of dP/dt versus P, plus the
appropriate form function, equation (14), yields
the linear burning rate, dx/dt with respect to
P, for a particular grain geometry.

dX _ dz/dt
at =3 x/v -lmear burning rate (14)

After the linear burning rates have been cal-
culated from equation (14), the procedure is to
plot these values against pressure on appropri-
ate graph paper (iigure 4-7) to determine a
burning equation. The burning of most pro-
pellants seems to follow one of three general
laws:

dx/dt = a + BP (18)
dx/dt = BPn (19)
dx/dt = a + BpPN (20

where a, B, and n are constants.
graph 4-15.)

(See para-

4-13. Relative Quickness. Relative quickness
is defined as the ratio ol the average rate of
pr ssure rise of a propellant lot under test to
the average rate of pressure rise of a standard
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Figure 4-7. Linear buming rate versus
pressure

propellant of the same formulation at the same
specified pressures when each is fired in the
same bomb under the same loading density and
test conditions. When the test sample and
standard propellant are similar in quickness,

the relative quickness can be taken as the ratio
of the Vy values without making any corrections
for the circuit capacitance. When the quickness
of the test propellant and standarddiffer widely,
equa‘ions (12) and (13) must be used to obtain
the correction for Vy before comparison can
be made. The values of dP/dt are plotted as
functions of P (calculated from the 0.25-volt
intervals of Vy). The values of dP/dt at 5, 10,
15, 20, and 25 thousand psi are taken from the
graph (figure 4-7) and the relative quickness
is calculated as in the example below. (See
table 4-5.)

4-14. Relative Force. In interior ballistics
use, the term "force" is related to the energy
released by a given propellant; that is, Force =
(PV)r = nRTy, where (in closed bomb work) P
is the maximum pressure developed and V is
the volume of the bomb. Since the bomb volume
is constant, relative force is defined as the
ratio of the observed maximum pressure de-
veloped by a lot of propellant under test, to the
maximum pressure developed by a standard
propellart, when each is fired in the same
bomb under the same test conditions. Since
pressure is measurnd as P = KCxVx [equation
(1)], 4 Cx is constant the relative force re-
duces to the ratio of the maximum x-voitages

Table 4-5
Relative quickness and relative force
P dp/dt x 10-6 Rel. quickness, Rel. force,
ratio test/std. ratio test/std,
(%) (%
Prop. #1
(std.). #2 #3 #2 #3 #2 43
*5,000 1.03 1.32 1.27 123 123
6,000 1.18 1,85 1.46 132 124
10,000 1.82 2.44 2.27 14 125
15,000 2,73 3.50 3.35 128 123 1.77 _ 1.76 _
. 1.81 ~ 181
20,000 3.67 4.70 4.55 128 124
98.0 97.2
25,000 4.66 6.09 5.82 131 126
Avg Max 130 124
Vx 1.81 : 1.77 1.76

*Value of dP/dt used, extrapolated.
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« recorded on the oscillograms. Values of maxi-
mum Vx are obtained by measuring a vertical -

tangent to the trace at the point of maximum
pressure, using the 0.25-volt interpolator. A

sample calculation of relative force is included -

above.

For a complete description of rleced bomb

technique as used at Picatinny Arsenal, see

reference 3. Another application of closed .

bomb information as used by the Navy is
described in reference 7.

4-15. The Proportional Law of Burning Rate.8
The minimum distance between ary two ad-
jacent surfaces of a propellant grzin is called
the web. The rate at which the web decreases
is a function of the gas pressure produced in a
gun due to the burning of prorellant grains.
It is assumed that burning proceeds only on the

inner and outer grain surfaces, that is, burn--
ing of the ends of the grains is neglected. The.

type of burning most usually encountered fol-
low's equation (19), dx/dt = BP? (in. per sec).
For M10 propellant this equation would be

dx _ 453 x 10-3 p0.7 (21)
F .

For ease of computation, it is desirable to ex-
press burning rate as proporticnal to pressure

d
d—t’s = r1 BP (22)

or, to make equation (19) more useful in the
Hu‘schfelder system, an attempt is made to
make n equal to unity, in which we consider
what should be the value of the coefficient B to

make n = 1, while the value of ry remains con-.
stant. The value of B used in equation (22) is

an effective value. This effective value is ob-

tained from a plot of the curve of equation (21).

(See figure 4-8.) A curve of this nature allows
a person desiring to use a proportional law to
obtain a value of B that best represents the
actual burning law over a desired pressure

range.

The abscissa is first divided into arbitrary
intervals. Then, for each of these intervals,
the portion of the curve (from the start of the
interva! to the maximum point of the curve in-
cluded in the interval) is replaced by a line of
least-square fit. The least squares are obtained
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' Fzgure 4-8. Proportional law to determine
value of B for n=1

at three-, six-, and nine-tenths of the maximum
value of an interval. The maximum value for
the intervals is called the peak pressure (Pp),
distinguishing it from all other values, which
are average pressure values. The slope of
each of the straight lines thus obtained is B.
It can be seen from figure 4-8 that, as the
peak pressure increases, the slope decreases;
thus, the maximum value of B occurs at the
minimum peak pressure. Values of B are

plotted against peak pressures in figure 4-9. - -

4-16. Effect of Grain Shape on Burning Rate.
Although the linear burning rate of a propellant
is characteristic of the formulation and the
pressure, the granulation affects the overall
rate at which the propellant is transformed to
gas, since the surface exposed is determined .
by the granulation. The best form of propellant
grain from a ballistic viewpoint is one which,
with the smallest weight of charge,will impart

‘a prescribed velocity to a projectile without

developing a pressure in excess of the per-
mitted maximum. In this connection, uniformity
of ballistic effect must also be considered.
Figure 4-10 illustrates the relation between
grain shape and ballistic effect. It should be
noted that, for equal weights of identical pro-
pellant composition, the position of the pressure
peak in the gun is very weakly dependent on

the grain shape, while projectile velocity.de-

pends only on charge weight. The criterion

. for the selection of a particular granulationis

the maximum pressure. .
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Figure 4-9. Values of B determined by least-squares fit -

The most important dimension of the propellant
grain is the web thickness. The web size of
a multiperforated grain refers to its average
web. Relatively slight changes in the average
web of a propellant result in appreciable
changes in the required weight of propellant
charge and maximum pressure produced, for a
given muzzle velocity of the projectile. Figure
4-11 iliustrates the relation between surface
area and weight percentage burned for various
grain shapes.10 When z (or N/C, the fraction
burned), is zero, the ratio S/Sg must be unity
for all grain shapes.

4-17. The Form Function. It is assumed that
all of the exposed surfaces recede at the same
rate when propellant burns. Thus, there is a
simple relation between the fraction of pro-
pellant burned and the distance that each sur-
face has regressed. The mathematical ex-
pression of this relationship, for any par-
iicular propellant granulation, iz called the
form function fer that granulation. In the fol-
lowing paragraphs we present two approaches

to the solution of workable form functiors, and
show how the different systems inay be cor-
related. Corner's? treatment is similar to the
Hirschfelder4 treatment, except that the former
uses a form coefficient §, based on experiment,
whereas the latter uses a set of k's based on
geometry. E ‘
4-18. Corner Form Coemclent*s.t If a long
cord of propellant, of initial diameter D, burns
under a pressure P, the rate of recession is
uniform over the surface of the cord, and is
expressed a3 1/2B(P). The amount of gas
generated up to time t is Cg(t), where C is the
initial weight of the cord and ¢ goesfrom O to .
The diameter of the cord remaining at the time
t is ID.

Neglecting the small contributionfrom the burn-
ing of the ends of the cord, we have the geo-
metrical relation

b=1-12 ; (23)
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: in the other fundamental equations, we may
1.5 T T T T eliminate {, giving
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. / [SINGLE PERFORA EDSYR‘P . T=D (1-¢) (25)
1. é £
= 4|
& \\7\ These equations are true for any number of
w ~ UARE long cords. The web size (D) is the minimum
0s > distance between any two adjacent burning
CORD surfaces; for cord propellant, the web i3 equ2!
to the diameter.
>}
0.2 04 06 o8 1.0 Analogous relations may be written down for

4

Figure 4-11. Surface area versus weight-
percent burned for various grain shapes

and the expression of our definition of the rate
cf burning is

- df
D e -B(P) (24)

In the solution of the equations of interior
ballistics, f is a convenient variable, but as
it appears only in these two equations and not
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other shapes. Sirgle perforated grains of initial
external and internal diameters dj and d2,
respectively, have D = ; (d; - dg), and D as the
annulus remaining at time t. The geometrical
relation is

and the burning rate is still the same as in
equation (24), leading to

d

B
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This assumes that the rate of burning is the
same on all surfaces of the propellant, ard that
the inner and outer surfaces are coaxia:.

Both cord and single-perforated grains may be
brought into the same scheme by chuusirg the
dimension of the grain along a direction normal
to the surface at two points of intersection,
where the direction is in one instance passing
into, and at the other instance passing out of,
the propellant. The smallest such diameter is
called the web size.

Next, we define {D as the remaining web when
a fraction ¢ of the propellant has been turned
into gas. From the definition of the rate of
burning, given in equation (24),

df
D g = -B(P) (24)

For certain shapes, ¢ = 1, when i = 0. For a
stiil more restricted class of shapes, ¢ and f
are related geometrically by

¢ = (1 -10)(1 +01) | (28)

where 6 is a constant for a given shape. For
example, ¢ = 0 for single perforated grains,
2nd 9 = 1 for long cords.

It is seen that D is defined by reference to a
direction which will not exist for a shape
chosen at random. For shapes of fairly high
symmetry, D will have a meaning. The defi-
nitions of { and equation (24) then follow with-
out exception. There is, however, no guarantee
that when this dimension has been eaten away
all (Se solid propellant will have turned into
gas; only for simple shapes does this occur.
Finally, equation (28) is a very special form.
We shall discuss the most common shapes to
illustrate the variouz nossibilities.

With long cords and single perforated grains,
there is no difficulty. The web is easily found,
and oquation (28) holds when 6 =1 and 0,
respectively. Equation (28) may be referred to
as the '"form function,” with ¢ as the "form
factor' or "form coefficient.” 6 is a measure
. of the change in the area of the burning surface
as burning proceeds. The burning surface of a
long tube remains constant (¢ = 0), and the sur-
face area of a cord decreases to zero as the
burning proceeds. The ratio of the initial and

_ remm e —— -

finai surfaces is (1 + 6)/(1 - 8). Thus, the
larger the 6, the faster the decrease in surface
and the faster the drop in the rate of evolution
of gas at constant pressure. Shapes of positive
6 are said to be '"degressive," and those of
negative 6 to be "progressive.' Shapes, such
as tubes, with§ = 0, are sometimes said to be
"neutral."

The possible range of 9 is restricted. 6 cannot
be less than -1, for otherwise ¢ would be nega-
tive for f near unity. Nor can & be greater than
unity, for then ¢ would be greater than unity
for some accessible range of f. This does nnt
mean that the cord, with its & = 1, is the most
degressive shape passible. The sphere has a
surface which decreases even more rapidly
(tigure 4-12). In this case, D comes out, by our
prescription, as the diameter, and¢ = 1 when
the remaining diameter is zero. Equation (28)
cannot express precigely the relation between {
and ¢ for every geometric shape, alithough a
satisfactory approximation can often te made
by a proper choice of §. The true geometric
form function is ¢ = 1 - {3 for a sphere. Al-
though almost all grain shapes could be covered
by writing ¢ as a cubic in {, this is not done
because the anmalytical solutions of the ballistic
equations would be much more difficult.

1.0
s 1
0.8 / I/',//
// 4
Vo4
0.6 A ya
A7
¢ s
N
0.4 ’70/
0.2
0
1.0 . ; 0.4 0.2 0

t

Figure 4-12. Relationship of form factor
to rate of change of area of
burning surface
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4-19. Form Coefficient for CSRD 6468. Let N
be the weight of prcpellant burned up to any
time t, so that N/C is the fraction of propellant
burned. Leét W be the web thickness, which in
the case of multiperforated grains is the mini-
muin thickness before the grains splinter. Let
be the fraction of tne web that remains un-
burned at any particular time. The OSRD 6468
ballistics are based on a form function that
expresses N/C as a quadratic function in f;
thus

N/C = kg = kqf + kof2 (29)

where ko, kj, and k3 are all constants that
depend on the granulation and grain shape. The
form functions for all grain shapes, except the
seven-perforated, can be expressed rigorously
as cubic equations. However, since this would
unnecessarily complicate the ballistics, and
since the f3-term is always quite small com-
pared to the other terms, the quadratic ap-
proximation is used in practice. This approxi-
mation never differs {rom the exact expressicn
by more than 0.05. .

a. Constant Burning Surface. The formfunc-

tion for a grain with a constant burning sur- -

face is

NC=1-t .. (36)'

which is a simplification of equation (29); This

is the simpiest of all the form functions. Its use -

greatly simplifies our ballistic computations.

It is derived from a consideration of a grain -
such as a sheet, whose web is so very small, -
compared to its length and width, that W/D and .

W/L can be considered equal to zero. -

)
1
2

L
" n
O =

x

b. Strip Propellant. The web of this grain is’

its thickness and the k-coefficients are:

ko=1

w W w2
M=1-1-p*2p

w w2
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 a progressive stage,

c. Cord Propellant. Cord propellant is not
used very much in the U. S. but is used ex-
tensively in Britain. The exact form function is

N/C=1-(1- }’_-’)fz-(‘%’)fz’ (30a)

but replacing f3 by its approximate equivalent
(3/2)12 - (1/2)f gives the approximate form
functicn :

N/C=1+0GE)- (14902 (300)

For cord propellant

k°=1
w
kl:-z—L-
w
k2=-(1+'27‘

‘ For a very long cord, neglecting the burning

of the ends of the cord, where W/4L is nearly
zero, we can use

N/C=1-12 (31)
. where .
Koo
. kz = -1,

d. Single-Perforated Grain. This granula-

'Vtionvis in common use in the U. S. for small-

caiiber weapons. The web of this grain is cne-
half the difference between the outer and inner
diameters. The form coefficients are

ko = 1
w
kl:l-L
w
kz:-L

" No approximation was made here, but if W/L

is quite small the form ior constant burning
surface may be used, and is recommended
except for very accurate work. ‘

e. Multiperforated Grain (Seven-Perforated).
Form functions for the burning of this granula-

tion, which is the most common in use in the

U. S. for large-caliber weapons, are more
complicated than those described above. The
burning is considered to occur in two stages,
before the web burns




- s

through to the formation of unburned splinters;
and a regressive stage during the burning of
the splinters. The burning in each stage is
appraximated by a separate quadratic form
function. .

1. Progressive Burning. The burning of
the grain hetore splinter formation may be
treated analytically. Values of kg, ki, and
kg, to be used in equation (29) for various
values of the ratios D/d (grain diameter to
‘web diameter) and L/D (grain length to
diametar), are given in table 4-6. The curve
of figure 4-13 (obtained from reference 4,
based on reference 6) is a plot of the burning
of 'a grain with D/d = 10, and L/D = 2.5. It
will be noticed that the slope increases up to
f = 0, where the splinters form.

Table 4-6

2. Regressive Burning. Af'er splintering,

.shown by the flex in the graph atf =0, the

slope decreases. This part of tae curve is
represented by another quadratic of the form

N/C = kg - kif + kb2 (32)

This is actually a continuation ,of the cu-ve
to the left of f = 0. It is shown in reference
4 that i the curve is made to pass through
the points (f = {5, N/C = 0),(f = 0, N/C = k),
and (f = -0.5, N/C = 1), the resulting ex-
pression is a satisfactory approximation
to the form function in the regressive in-
terval. Accordingly, the form function to use
in the interval after splintering is-given br
the following equations.

Form functions for seven-perforated propellant

[ SO UUN TSRS

L/D
1.5 2.0 2.5 3.0 3.5
D/¢
kKo 0.8409 0.8362 - 0.8335 0.8316 0.8303
8 kq 0.9111 0.9300 0.9414 0.9490 0.9544
kg 0.0702 - 0.0938 0.1079 0.1174 0.1241
Ko 0.8498 0.8451 0.8423 0.8405 0.8391
L K 0.9298 0.9507 0.9633 0.9717 0.9776
ko 0.0800 0.1056 0.1210 0.1312 0.1385
k, 0.8563 0.8516 0.8487 0.8468 0.8455
10 Ky 0.9447 0.9673 0.9808 0.9898 0.99€3
ko 0.0884 0.1157 0.1321 0.1430 0.1508
ko 0.8612 0.8565 0.8536 0.8517 0.8503
1 ky 0.9569 0.9809 0.9952 1.0048 1.0116
k2 0.0957 0.1244 0.1416 0.1531 0.1613
ky 0.8652 0.8603 0.8574 0.8554 0.8541
12 ky 0.9673 0.9923 1.0073 1.0173 1.0245
k2 0.1021 0.1320 ©.1499 0.1619 0.1704
ko 0.8682 0.8633 0.8604 0.8585 0.8571
13 ky 0.9760 1.0020 1.0177 1.0281 1.0356
B k2 0.1078 0.1387 0.1573 0.1696 0.1785
4-25
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Figure 4-13. Actual versus theoretical burning curves

ko = ko
K = 45 (1 - ko) + (ko/{o)
s 200 + 1
k'z:“l- ko) - 2 (ko/fo)

2fo+f

3. Simplified -Form Function for Seven-
Perforated Propellant. It is often convenient
for the purpose of rough calculations to con-
sider the seven-perforated grains as having
a constant burning surface throughout their
entire burning. This approximation cor-
responds to replacing the true form function
by the dotted line in figure 4-13, which is
a graph of N/C = 1 - [ with specific vaiues.
Since it is desired to vary { between unity
at the beginning and zero when all of the
propellant is burnad, instead of between 1.0
and -0.25, as indicated by the dotted line in
figure 4-13, we must define an adjusted
web equal tc 1.25 times the actual web

4-26

thickness. With this adjusted web and the
corresponding f,

N
c° 1-f

Stating this another way, we may say that a
seven-perforated propellant is ballistically
equivalent to a single-perforated propeliant of
1.25 times its web thickness. The factor 1.25
may vary somewhat between 1.23 ~nd 1.28,
depending on the conditions of firiig, and on
whether the ballistic equivalence oi the two
propellants is based on the same muzzle veloc-
ities or the same maximum pressures.

4-20. General Form Functions. The particular
equations (form functions) used to describe the
change in grain geometry during burning as a
function of web or linear distance burned are
determined by the ballisti: method used. Para-
graphs 4-18 and 4-19 have described the form
functions used in the Corner and Hirschfelder
systems. The form functions of the most com-
mon granulations, as used in the method of
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subparagraph 4-12b, are included here along
with their exact equivalents, since their deri-
vation is time-consuming.u The symbols used
in the various equations are listed bYelow.

g = fraction of charge hurned

N = amount of charge burned

C = initial amount of charge

Vo = initial volume of grain

Vx = volume burned at any linear dis-
tance (X)

So = initial surface of grain

Sx = surface of grain burned at any linear
distance (X)

Vx

v fraction of propeliant remaining
o (N/C=1-vx/v°)

X = linear distance burned to flame front,

perpendicular to burning surface

f = fract on of web remaining
Sx

<— = progressivity

So

R, r = larger and smaller radii, respec-
tively, of grain geometry

W = web, or thickness
L = length
D = width

(Ncte that Z = 1 - Vx/Vo)

a. Equations for Strip Propellant. The exact
formula fcr {raction of charge burned is

N_,,Lw+DW.LD-W?,
c='* LD

, (2W2- LW - DW) (2
LD
w23
LD
L and D are both assumed to be much greater
than W, and the {3 term is assumed negligible.

With these assumptions, the Hirschfelder form
can be shown to be

N
-C—=l(

which is the Hirschfelder form function for a
constant burning surface. The other equations
are as follows.

ﬂ

Sx _2(LD + DW + LW) - 8(L + D + W)X + 242
Vo~ Lwh

_2(LD + DW + LW)X - 4(L + D+ WX2 + 8%3

z Lwh

b. Equations for Cord Propellant. The exact
equation for fraction of charge burned is

N_,,2R-L 2L3
c=1+ 2.2y

L

where R is the radius of the cross section of
the cord. The Hirschfelder approximation for
this is

N _ n 2
c=(-na+n=1-1¢

on the basis that L is much greater than R, so
that R becomes negligible by comparison. Since
{ is a decimal, it becomes insignificant when it
is cubed, and the {3 term drops cut. The other

equations, given without derivation, are as
follows.
Vx 2(R2+RL), 4R+L .2 2 .3
—=1- X X - X
Vo R°L R2L R2L

Sx _ 2(R2 + RL) - 2(4R + L)X + 6X2
So R2L

2(R + RL)X - (4R + L)x2 + 2x3

z
R2L

c. Equations for Single-Perf{orated Propel-
lant. The exact formula for N/C is

C L L

N_;,R-r-L,  R-rp2

where the web (R - r) is assumed much less
than the length (L), so that N/C becomes equal
to (1 - f). This again is the Hirschfelder
equation for a constant burning surface. The
Hirschfelder equivalent, before simplification,
is

Neloein?
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where

w
kl"l-t

w
kz = ‘E
(See subparagraph 4-19c.) The other equations

are given below.

. 2R~ r+ L)-8X
Vo L(R-r)

g 2R-T+ L)X - 4x2

LR -r)
VX 1- 2(R -T+ L) 4 2
D, X
Vo L(R-r1) X+ L(R- 1)

d. Equations for Multiperforated Grain. The
exact formula for N/C is

N R3- R%r- 5R?r - 3rd

c 16(R2 - r?)

14R2L - 4RL - 114r2L
+
16(R2 - 7r2)

9R3 - 49R2r + 35Rr2+ 93r3 - 20R2L

* 16(R2 - 7r2)

40 RrL + 60rL
16(R2 - Tr?)

-i3R3 + T7R2r - 111Rr2 - 9r3 + 6R2L
i6(R2 - 7r2)

+

- 36RrL + 54r2L
16(R2 - 7r2)

3R3 - 27R2r + 81Rr2 - 81r3 a
16(R2 - r2)

+
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In the Hirscnfelder system, the equivaleni form
function is represented by a cubic equation
[see reference 4, p. 129, equations (14) and
(15)] that is simplified to a pair of quadratics
of the form

2
N/C = ko = kI + kot

where the coefficients k., k;, and ky are ex-
pressed in terms of grain diameter, grain

length, and web. (See subparagraph 4-19d.) The
other equations are

Sx 2[R+ )L + (R2 - 7r2)]

Vo L(R2 - 7r2)

2

- 42(R+ 7r)- 3L)X - 36X
+ =
L(R2 - 7r2?)

2[(R+ 7r)L + (R2 - Tr2)]JX
Z =
L(R2 - Tr2)

- 2[2(R+ ) - 3L]x2 - 12x3
+

L(R2 - 7r2)
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THEORETICAL METHGNS OF INTERIOR

BALLISTICS
Table 4-7
Table of svmbols
Symbol . Unit Definition
A Ln.z . Cross-sectional area of bore
a in.3 per Ib, n- 1
P
a
a0 23,969 (._F)
(in. per sec) . .
B Burning constant
(1b per in.z)
2 2 _2CF _
b ft” per sec m - 1)
(o Ib Charge weight
C‘, Specific heat (constant volume)
€y ft per sec j1CF(B/W) )
A
e, ft-1b per in.3 e22 m'
Ve
F ft Powder impetus V
't . Fraction of web remaining unburned
fo Initial value of f
g ft per sec? Acceleration due to gravity
[z dz
J . e f ______2_2
® o 9+2z-uz
No
Jo —_
C
i ky - 2kaf,
)2 “oe kl - %kz
ko. kl’ k2 Form-function constants
L in, Travel of the projectile
M b Weight of projectile
m slug Effective mass of projectile
m' slug Modification of m
N 1b Weight of powder burned
No b Weight of powder burned when projectile begins
to move
P 1b per in.2 Space-average pressure
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Table 4-7

Table of symbols (comt)

Symbol Unit Definition
P, b, per in.2 Initial value of P
po Ib. per in.2 a®P
Pr Ib. per in.2 Pressure resisting projectile motion (friction)
Py 1b. per in.2 Pressure on base of projectile '
Q 71 Xo 7-1
(1 2 ’llozb) (fo 8,
q oo io—zb
b
R energy Gas constant
(gm-mole®K)
r A
2y
z dz
J
S j:’ 7
oK Absolute temperature of gas
To oK Isochoric flame temperature
t sec Time from beginnirg of motion of projectile
1 kof, o
u —(3-1 -=2>
7 7 ) 78
\4 ft per sec Velocity of projectile
Ve tn.3 Chamber volume
in, Web of powder .
X in. Distarce from the basa of the projectile t~a .
point fixed with respect to the gun
Xo in, Effecti-e length of chamber = ‘%
< .
x — -7,
Xo
y wee )—’(% -a
y' - y-rZ
z y
- |
Zy, Value of Z at the time the powder is all burned
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Table 4-7

Table of symbols (cont)

Symbol " ‘Unit ‘ o Definition
a ‘ Geometric density of loading
r Function of Zy, (or Zs) and Pp°
Y e Ratio of specific. ﬁeats
22 L | » - Pseudoratio of specific heats
A b pér. .3 Average density of gas
A gm ;;fer‘cm"’ Density of loading, A = 27.68 4,
] . Constant dcpending on ratio of charge weight C
to projectile weight M
n " in.3 per Ib ‘ Covolume of gas
n '_ISperinﬁ %gg%
30 jo - kafo (fo - %)
A a
0 1b per in.3 " Density of solid powder
a
¢ ... V(K% _%a
Table 4-8
Symbols proper to the RD38 method only
Symbol Unit ’ Definition
D in,2 Initial web size
E in.3 . Al (initial free space behind shot)
1)) in, < Remaining web
M’ Central ballistic parameter
' RT ° ft-1b Force constant
A ft-1b per 1b _ Effective mean force constant
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4-21. Introduction. When a gun is fired, the
primer delivers energy in the form of hot
gases to the individual propellant grains in the
propelling charge, and initiates the decomposi-

tion reactions of the propellant. It is known

that in many artillery rounds deficiencies of th.e
igniticn system cause nonuniform distribution
of primer energy and, consequently, time dif-
ferences in initiation of various parts of the
charge. For ease of mathematical treatment,
however, it is assumed that all grains are ig-
nited on all surfaces instantaneously. The rate
at which the solid propellant is .ransformed to
gas depends on total exposed suriace and on
the pressure surrounding the grains. IUf there
were no mechanism serving to increase the
volume available for gas (chamber volume
minus the volume taken up by the solid, un-

"consumed propellant), the pressuare would rise

at an increasingly high rate until the propellant
was all transformed to gas. This is the action
in a closed bomb, where the loading density
(propellant weight divided by chamber volume)
seldom exceeds 0.2 g/cc, and the pressure
may be as high as 45,000 psi. At the loading
censities usual in guns, however, if the volume
did not increase during propellant burning the
pressure would become excessively high. This
increase in volume is provided by the forward
motion of the projectile with an acceleration
proportional to the force exerted by the cham-
ber pressure on the projectile base. The pro-
jectile begins to move as soon as tae force on
its base is high enough to overcome the crimp
and to inscribe the rotating band in the forcing
cone. As the volume increases, the bulk gas
temperature decreases, and the internal energy
change of the gas is mostly accounted for by
the | kinetic energy acquired by the projectile.
In the beginning, when the projectile is moving
slowly, the pressure increases as a result of
propellant burning. A proper balance of the
factors that influence propellant burning and

- projectile motion determines the maxiinum at-

tainable pressure. After this, the rate of vol-
ume increase more than compensates for the
rate of gas production, and the pressure be-
gins to drop. The point of maximum pressure
occurs when the original volume has about
doubled. After the propellant is completely
transformed to gas, the pressure drops more
rapidly. The projectile continues to increase
in velocity, at an acceleration prcportional to
the pressure until it emerges from the muzzle
of che gun. (Sec figure 4-14.)

4-22. Fundameatal Equations of fnterior Bal-
listics. Interior ballistics attempts to predict
mathematically the effects described quali-
tatively above. The fundamental mathematical
relations are: (a) equation (43), representing
the rate of burning; (b) equation (33), repre-
senting the motion of the projectile; (c) equation
(42), the energy balance equation; (d) equation
(34), the equation of state of the powder gas;
and (e) ejuation (47), an equation expressing
the variation of weight fraction of propellant
remaining with fraction of web burned.

Interior ballistics is concerned with the simul-
taneous solution of these equations, which are
correctly modified to take into account pro-
jectile friction, the distribution of the gas, the
heat lost to the bore, and other second-order
effects.

The variety of systems of irterior ballistics
that have been proposed differ in the number
of simplifying assumptions made in order to
obtain a solution of these equations. If time is
no object, or if automatic computing machines
are availabie, it is possible to solve these
equations by maintaining a strict analogy to
the physical phenomena. A quick hand com-
putational technique, nowever, requires some
simplification. Two excellent compromises be-
tween exactness and ease of calculation are
outlined in references 1 and 2. We reproduce
below the method of reference 2, and two very
much simpler techniques, one in use in the
United Kingdom (RD38) and the other in con-
siderable use by the U. S. Navy (Le Duc).

4-23. Basic Problems. The basic problems to
which solutions are desired are of the follow-
ing two general types.

a. Given the type, web (essentially a mea-
sure of available burning surface), and weight
of the propellant; the weight of projectile; and
the characteristics of the weapon, calculate
the expected maximum pressure and muzzle
velocity.

b. Given the characteristics of the weapon;
the weight of the projectile; and the muzzle
velocity and maximum permissible pressure,
find the weight and web of propellant required
(to this problem, there may be no practical
solution).

In each of these cases it may be necessary to
establish the point-to-point relationship among
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Figure 4-14. Pressure versus time and pressure versus travel curves

time, position of the projectile, velocity and
pressure; or the muzzle velocity, maximum
pressure, charge, and web may be the only
values desired.

4-24. Development of the Fundamental Equa-
tions. The equation of motion of a projectile
is one of Newton's laws. This equation states
that the force is equal to the product of the
mass and the acceleration. In the case of a
gun, the iorce causing the acceleration of the
projectile is the product of the pressure and
the area on which it acts. Thus,

APx==—==V— (33)

where A is the cross-sectional area of the base -
at the beginning of motion of the projectile, and
X is the distance the projectile has moved. M is
the weight of the projectile, sothat M/g is its
mass (g is the acceleration due to gravity).

4.34

Px is the pressure on the base dof the projectile,

and t the time measured from the beginning of

motion of the projectile. Normally, the cross-
sectional area of the chamber is larger than
that of the bore. It is convenient to define the
zero point of X so that AX is the total volume
behind the projectile available to gas and
solid powder. However, the zero point may also
be the position of the projectile base before
motion occurs. In that case the distance trav-
eled is denoted as X and the equation of motion
is

g dt2 - (33)

4-25. Equation of State. The equation of state

of the powder gas is the relation among the
pressure, the density, and the temperature of
the gas. This equation is to some extent em-
pirical. The virial equation of state is the most
general form. This equation gives the pressure
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in terms of a power series in the density. How-
ever, it is apparent that such an equation would
considerably complicate the equations of in-
terior ballistics. It can be shown that the Abel
equation of state applies with sufficient ac-
curacy under the conditions of the gas in the
gun tube. The Abel equation of state is the
van der Waals equation with the constant a
omitted because it is negligible at the high
temperature prevailing in guns. The Abel equa-
tion of state is

p(—% -7) = nRT (34)

where A is the average gas density; n the co-
volume of the gas; P the space-average pres-
sure; T the absolute temperature; n the number
of moles of gas per unit weight; and R the usual
gas constant.

The volume available t> the propellant and the
propellant gas is V. + Ax, where V¢ is the
original volume (the volume of the cartridge
case corrected for the volume occupied by the
projectile extending into the case before firing).
If o is the density of the solid propellant, then,
since C - N is the amount of propellant remain-
C-N

ing unburned, is the volume occupied by

the solid propellant remaining. The volume
available to the gas is

Vc+Ax-(c;N)

and the gas density is given by

N

&= C-N (35)

P

Ve + Ax -

Let us define two constants characteristic of
the powder.

_ 1
a=n-2 (36)
F=nRT (37)

The equation of state becomes

Vo + Ax- (C - N)/ T  (38)
fertesteonte g

Simplifying, we get

c T
I a NF — 39
p[vcu\x = aN] NFTO (39)

4-26. Energy-Balance Equation. The energy-
balance equation simply states that the loss of
internal energy of the gas is equal tothe kinetic
energy cf the projectile. Thus

T
N '[r ° Cydr - 1/23v2 (40)

Where V is the velocity of the projectile, N the
amount oi powder that has been burned, To the
flame temperature, and Cy the specific heat of
the gas at constant density. We assume that Cy
\s constant in the region of temperatures in-
volved, so that

NCy (To - T) = 1/2 3 V2 (1)

Then the equation of energy balance becomes

NF T 1
NE ( T°)= Lmy: (42)
4-27. Burning Rate Equation. The equation of
the rate of burning is the equation that gives
the rate of regression of the surfaces. It has
been found empirically that the rate of burning
of the powder depends primarily on the pres-
sure of the gas surrounding the burning grains.
Other factors apparently affect the rate to only
a small extent. It has been found that the de-
pendence of the rate on the pressure can be
given by an equation either of the form

d
Jr=a+bP (43)
or
dr n
ac=PBP (44)

where r is the distance the surface has re-
gressed. It has been found that both forms fit
the experimental data equally well. In the case
of equation (43) it has been found that the con-
stant a is small; and in the case of equation
(44) the exponent n is near unity. An equation
of the form

dr
a = BP (45)
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therefore fits the existing data with reasonable
accuracy over the range of high pressures ex-
isting in guns. In addition, the use of an equa-
don of this type permits an anaiytic solution cf
the ballistic differential equation. For these
reasons, we adapt the approximate equation for
the rate of burning, equation (45). The web of

the powder grain is defined to be the minimum

distance between the surfaces of the grain, that
is, the distance which must be burned before
the grain is completely consumed (or in the

case of seven-perforated grains, before the
The equation of the rate of

grain splinters).
burning to be used in this ballistic system is

df
-W 4 = BP (46)

where B is” the burning constant (a constant
characteristic of the type of powder); W the
web of the powder; and { the fraction of the web

which remains unburned. The quantity f is re-

lated to the fraction of the powder burned by

purely geometric reiations based on the geom-

etry of the grain. It is shown in section 52 of
reference 2 that this’ relationship can usually
be represented satisfactorily by a quadratic
equation of the form

N/C = ko - kyf + kof2 (47)

The values of coefficients kg, k1, and k2 depend
only on the shape of the grain.

Equation (47) is expressed in the RD38 method
as

=(1-1)(14+06f) (48)

ajz

= 1+ (6-1)f-612 (49)

4-28. The Second-Order Effects. In the previous
section a necessary distinction was made be-
tween the pressure on the base of the projectile,
and the space-average pressure. The gas must
follow along behind the projectile, yet the
breech element must remain stationary. This
motion of the powder gas causes a pressure
gradient to develop, in which the pressure on
the base of the projectile is lower than that at
the breech. The kinetic energy of the gas muz!
be included in the energy-balance equation,
and the existence of the pressure gradient must
be taken into account in relating the motion of
the projectile to the space-average pressure.
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4-29. Equations of Motion and Energy Balance.
The motion of the powder gas is represented by
the usual partial differential equations of fluid
flow. A solution of these equations applying to
the motion of a gas im a gun tube with the pow-
der burning has not been found. A solution
under . certain restricted conditions was de-

veloped by Love and Pidduck.! However, this
solution involves the motion of waves of finite

amplitude, and is entirely too cumbersome to

use in the equations of interior ballistics. A

solution dévelloped by Kent represents a limit-
ing condition, -that is, a stable equilibrium

" situation. The development of this solution is

described in section 57, reference 2.

~ According to this solution, the pressure on the

base of the projectile is related to the average
gas pressure by

]

M

(50)

" P=Py

" and the projectile base preésure is related to

the breech pressure by Pyreech =

P, [M +§-]
M (51)

where § is a constant depending on the ratio of
the charge weight (C) to the projectile weight

(M). In the usual cases, when the ratio l%is

about 1/3, 5 is about 3.1. (In RD38, the value
of 5 is taken as 3.) It is also shown in section

57 of reference 2 that the 2kinetic energy of the

powder gas is given‘b& QV_

2gs
It becomes convenient to define an effective
mass of the projectile,
(M + C/s) ‘
m= g (52)

In terms of this quaritity the equation of motion,
equation (1), becomes

2
d“x
AP,, = m— 53
av, dt2 ( )

and the equation of energy balance, equation

~ (33) becomes

NCy (To- T) = 1/2 mv2 (54)
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4-30. Energy Equation Including Heat Loss.
The heat lost to the bore surface up to any
instant is taken to be proportional to the square
of the velocity. Thus if h is the amount of
energy lost to the bore of the gun, then

h = 1/2 (mV2B) (55)

where B is a constant. Some justification for
this form is given in section 55 of reference 2.

This term is now included in the energy equa-
tion, equation (54) so that

JE a-Tya(1em L mv2 (56)
] - To 2
4-31. Energy Equation Allowing for Friction.
We take the friction of the projectile to be
equivalent to a resisting pressure on the base
of the projectile equal to a constant fraction of
the actual average pressure. The resisting
pressure is taken to be

c
Pr= +cp_ (57)

Because of this friction, the equation of motion,

equation (53) must be modified. Pressure caus- -

ing acceleration is no longer P, but rather
P - P;. Thus

; 2
* 1 X (58
! — )P =m—— )
A(1 + c) dt2
or
2
dt2
where
m'=(1+c)m (60)

The work done against friction must be in-
cluded in the energy-balance equation. This
work is

c
l+c

Af):n- dX = A_/::pdx (61)

where Xg is the effective length of the cham-
ber, defined as the volume of the chamber

divided by the cross-sectional area A. From
equation (59) and V = %thls term becomes

1/2 mv2c

This correction term must be added to the right
hand side of the energy-balance equation, equa-
tion (586), to give
NF
a-T)
7-1 To (62)
= (1 + B) 1/2 mv2 + 1/2 mv2C

Equation (62) can be written in terms of m' as

7=-1 To (63)

2 (1+B)1/2m'V2- 1/2 C/ mV2
The final term is dropped as negligible, to give
as the modified equation of energy balance

NF
7y -1

(1 -—'l:) =(1+B)1/2 m'vZ  (64)
To

4-32. Solution of Equations by the Scheme
RD38. The simplifying assumptions are as
followa.

a. There is no initial resistance to motion
by cartridge-case crimp, or the need for en-
graving the rotating band.

b. The temperature of the gas during burn-
ing is constant, thereby reducing the simul-
taneous equations to be solved.

c. The covolume is assumed to be equal to
the specific volume of the solid propellant.
These assumptions permit an aigebraic solu-
tion of the remaining simultaneous equations.

By assumption b the right hand side of equa-
tion (39) becomes AN, and by assumption c,
a = 0. The equation of state, equation (39), then
becomes

c
P [V +Ax--;]= AN (65)

or, in terms of breech pressure (P). See equa-

tions (50) and (51).
)
A
MU (ee)

Cc
P[Vc +Ax-—P-] =AC1 . O
’ 3wy
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The assumption ¢ introduces an error that may
be considerable at high densities of loading,
since 7 is about 1 g/cc, and 1/0 is 0.6 g/cc.
The result is that the peak pressure is higher
than the calculations would predict. This can
be compensated for by increasing either B or
A, which then becomes dependent on peak
pressure. It is more convenient to hold A
constant, and to vary B as required to cor-
respond with ballistics.

We can write

- C
Vc -—=E = A{ (67)

.

where E is the initial free space benind the
shot. The length { is = convenient measure.
Hence, equation (66) becomes

' o
AN 1+ ™M
P(x+1{) = / C) (68)
11+ —
\ 3M
The equation of motion of the éhot is
Md_V _ AP
dt 1 (o} (69)
W

neglecting resistances to motion, the recoil of
the gun, and the rotational inertia of the shot.
To include these we replace equation (40) by

dV AP
17gqe C (70)
1+ m—l-

M

where My = mM and
m = 1.02 (approximately) (71)

The fundamental equations are thus:

g=(1-f)(1+ef)=1-(9- Nt - o2 (72)

p¥._pp - (19)
dt
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AN (l + C/2My)

Plx+4) == (1 + C/3M,) (14)

with the initial conditions x = 0 at f = 1.

Eliminating P from equations (73) and (75) and
integrating, we get ’

___AD .
“Bac P (76)

If we use equation (76) in equation (75), and
eliminate P by using equation (74), then

d 1
dx _ -M (x+ ) . 7
a 1 +96f _

where

A2D2(1 + C/3Mj)32.2

Al

B B2MCx (1 + C/2My)2 (78)
Integrating equation (46) with ¢ # 0,
1+0\M'/6
x+'€=1(1+6f) (79)
whereas, if 6 = 0,
x+t=eMT-D (80)-

The pressure P can now be obtained from
equations (39) and (48) as

6 £0: (81)
_AC(L+C/2My) (1- 0 (1+60 (14 ef)M'/9
L1 + C/3My) (1+¢9
6 =0:p < AC(1 + C/le) - f)e'M'(l -0 (82)

E(1 + C/3My)

This compleies the determination of x, V, and
P as functions of the parameter f.

A is an energy per unit mass, the square of a
velocity; AD/BM; is a veloc1ty Hence M' is
dimensionless, as it should be in order to be
consistent with equation (77). M' is the "central
ballistic parameter" of this method. M' or an
equivalent can be identified in nearly all of the
ballistic theories that lead to explicit solutions.




M' can be thought of as a dimensionless param-
eter showing the importance of the shot motion
in reducing the pressure from the va':c that
would be attained in a closed vessel.

4-33. Values at "All Burnt." The suffix B will
be used to denote quantities at the instant at
which the propellant is just burnt, { = 0. From
equation (76),

Vo= —AD
B*= B(M, + C/2) (83)

Integratiﬁg equation (77),
xg+1=12(1+ aM'/6 (v £0) (84)
= {eM’ (6 =0 (85)

From equation (74),

. AC(1+ C/2My)
PB= Eisc/aMp 1saM/s (040 (88

_\C(1+ C/2My) oM
= TE(T+ C/3My)

4-34. Values at "Maximum Pressure.' Quanti-
ties here are denoted by the suffix m. Differ-
entiating equations (48) and (49) gives

(6=0) (87)

Ma4+9-1

= —— (88)
fm M' + 26
for all 4. Also
2
E(m) - (1+6)« (M'+5)
C (M + 29)2 (89)
) Sy
: M'+ 26
=4 —
Xm+ M.”,) (¥ 0)
= {e (6 =0) (90)
and
Pn= (91)

\ClLs C/2Mp (e (s )1 * BT/
E(1 + C/3M;) (M' + 2 )¢+ (M'/6)

- (2)

AC(1 + C/2My) 6o

TE(1+ C/3My)eM’

The last equation (91) is simplified as

\C(1 + C/2M;) (1 + 5)2

Pm = E(C+C/3M}) (eM" + 4¢) _(93)
Thic is exact tor 9 a 0..
4-35. Solution A!ie‘r "Burnt."’
Let xer . _ (94)

At any travel x greater than "B,' the pressure is

P = Ppr-Y (95)
The velocity is given by
AC(M + 2)
v "
M1 +C/3 . (%)
where -
s=t--rl77) (97)

y -1
where y is the equivalent specific heat ratio,
defined by equation (44).

For details on the derivations of the equations
for the last three conditions, refer to reference
1, pages 138 and 139.

4-36. Summary of the Working Formulas. A
sclution of the equations given above leads to
the expressions given below. '

UM > (1-9),
AC(1 + C/2My) (1 +6)2

- (98)
EQ1 +:C/3M1) (eM' + 45)

Pm

Otherwise, the maximum pressure is

Py - AC(1 + C/2My) €40)  (86)

E(1 + C/3My) (1 + 6)M'/%

-' AC(1 +C/2Ml) . k=0 (87)

" E(1+C/3M))eM’
The position of "all burnt" is given by

xg+ 4= Ul s oMo 540 84)
= 1M . (8=0) (85)
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If the muzzle is at travel x, and

re X +7 (94)
Xg + 4 .
and
6 =2 (-1 (97
y-1. o
)\C(M1+¢) :
Ml + C/3 (9.6)

4-37. Sample Solution by Use of the RD38
System. The equations developed include two
constants whose value cannot easily be found
ercept with experience obtained through the use
of this scheme in the analysis ?f past firings.

Since A/RT, is equivalent to Ic;' where T' is

the correctly averaged temperature assumed
to exist during propellant burning, A /RTq should
be a fraction, probably between 0.8 and 1.0.
6 can be assigned from considerations of

geometry of the grain alone, but there are cther .

factors such as nonideality of ignition and im-
perfect prorellant grains that make a better
value at 6 to be 0.2 greater than the geometric
value. The actual values have to be fitted in a
particular problem to match the observed prop-
erties to calculated ones. When no results of
firings are available for the particular case
desired, it is necessary to obtain vzlues of 6
and A from an analysis of a similar case where
ballistic firings are available.

The burning constant B is of prime importance
in determining the maximum |pressure, as is
clear from various equations.‘ However, it is
"~ difficult to correlate values of B determined
from closed-chamber firings jwith thcse  ob-
tained in guns. Hence, whenever possible, B
should be determined from the observed max-
imum pressure or muzzle velocity ir a bal-
listic firing of a similar case to the one under
consideration. This can be done once values are

assigned to and 6.
An illustrative example, of the manner in which

this scheme may be used, follows. Table 4-22
contains the ballistics'of referénce propellants
. | .
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used in assessing charge for production lots
of propellant for various weapons. In the prob-
lem worked out below, we will take item 21
(from table 4-22) as the one for which a solu-
tion is known. Then we will try to find the max-
imum pressure and muzzle velocity for items
10 and 14.

Knowing the value of the maximum pressure as
given for item 21, we find the value of M' for
item 21. We check this value of M' with the 9
and A /RTo used to see if the correct velocity
will -be obtained. The final value of & and
MRTo that we will use will be the one that will.
give us the correct velocity. Then, with the
correct value of M' for item 21, we can calcu-
late M' for items 10 and 14.

In the first set of calculations, we shall assume
that 6 = 0, and then take various valves for
A/RTq to see whirh of these will he correct for
our problem.

In the standard calibration chart (table 4-22) it
will be noticed that the maximum pressure is
given as 39,500 psi, whereas the value used in
this example, as well as for Hirschfelder and
Le Duc is 45,400 psi. This is so as the pres-
sure given in the charts is the copper gage
pressure, which is a lower reading. To con-
vert to the actual pressure, we must multiply
the copper pressure by 1.15.

Using the basic formu!la for pressure, we have

AC(1 + C/2M,) (1 + 6)2

P = (98)
E(1 + C/3M) (eM' + 46)

‘However, since 9 = 0, the formula canbe slightly

simplified.

Assuming 8 = 0, and A/RTg = 0.9, we have

(0.9) (3.18) (3.12) (1.15) (12) (105)

45,400 = (1.58) (1.1} eM"

M = 1.50

Checking the velocity with this value, we find
that the velocxty is 2,680 ft/sec, whxch is too
low.
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We ihen try a higher value of A /RTo. Trying
| 6 = 0 and A/RTg = 0.93, we have

- M' = 1.54

This value of M yields V as 2,710 {t/sec. Hence
we raise the value of A/RTg to 0.96, and obtain
a velocity of 2,780. We try.A/RTo = 0.98, and
obtain a velocity of 2,800. The value of M' that
we choose for item 21 is 1.69. Using this value
of M we can calculate the burning rate, using
the formula

. A [1+ c/ml] 32.2

M (18)

B2MCx 1+ c/om' | 2

o 102(2.97x 10-3) (1.1) (32.2)
" (1.69) (26.5) (8.12) (0.98) (3.18) (1.32)

BS = 7.5% x 10'8

Using this value of B, we can find M' for items
10 and 14.

(49.2) (1.76 x 10-3) (1.08) (32.2)

Mjg =
(1.55) (16.9) (3.82) (0.98) (3.18) (1.21)

.. Myg = 1.59

(49.3) (1.35) (1.07) (32.2)
(7.55) (16.5) (3.39) (0.98) (3.18) (1.23)

L"l 4=

Mi4 = 1.57
Calculating the pressure for items 10 and 14,
we get
(0.98) (3.18) (3.82) (1.12) (12)
Pmio = (73) (1.08) (3.94)

P 10 = 49,400 Ib per in.2

(0.98) (3.18) (1.11) (12) (3.39;
(130) (1.07) (3.40)

Pmil4 =

Pm14 = 26,400 Ib per in.2

To calcuiuate the velocities for both of these
items, we have to obtain the values of ¢.

¢ for item 10 = 2.31

¢ for item 14 = 1.62 .
- {0.98) (3.82) (3.18) (3.76) (32.2)
10%~ 18.2
V10 = 2,560 ft per sec
V142 - (0.98) (3.39) (3.18) (2.87) (32.2)

17.6
Vi4 = 2,180 ft per sec

We now assume a value of 6 as 0.15, and then
try various values of \/RTo to see which is
correct. We again use the formula for max-
imum pressure

AC(1 + C/2My) (1 + 6)2

MTE( + C/3My) (eM' + 46)

(93)

Trying successively the values of A/RTq as
0.85, 0.87, 0.90, and 0.92, we find that
A/RTq=0.88 will yield the correct velocity
for item 21. The correct value of M for
item 21, using 6 = 0.15 and A /RTg = 0.88, is

1.79.
B2 is obtained as 7.19 x 10-8
Mjp =1.83
M)y =1.61

P10 = 44,400 1b per in.2
P_.14 = 23,100 Ib per in.2

Checking the velocities in these, we obtain T

¢10 = 1.65 ‘
¢14 = 1.24 ;
Vio = 2,610 ft per sec
Vi4 = 2,230 ft per sec . !
We again repeat the nroblem, but assume

6 = 0.30, and in the first case, thatA/RT=0.95.
Usi g the formula

AC(1 + C/2M) (1 + 2)2
E(1 + C/3M1) (eM' + 4¢)

m (93)

we get

(0.95)(8.12)(3.18)105(1.15)(1.69)(12)
(158)(1.1)(eM + 1.2)

M = 2.10

45,400 =
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Trying this value of M' for velocity, we obtain
vV = 2,950
which is too high.

We then try ¢ = 0.30 and A/RTp = 0.90. Witk
these values we obtain M' = 2.06 and the veloc-
ity V = 2,850, which is still too high.

Then we try 6 = 0.30, and A/RTg = 0.88. With
these values M'=2.03 and V =2800. This
value of M is then correct for our 6 and
A/RTo. With this value of M' we can calculate
B for M6 propellant. We can then use the value
of B obtained for item 21, and use it for items
10 and 14 to obtain M' for theze.

We obtain B {rom the formula for M'

a%0? [+ c/amy 322 -

B2M,C: [1 + ‘c/zml]2

]

(102)(2.97 x 10~3)(1.1)(32.2)
(2.03)(26.5)(8.12)(0.08)(3.18)(1.32)

6.75 x 10-8

B2 -

B2

Hence, we obtain Mg from

M . (49.3)(1.76)(1.08)(32.2)
10 = (8. 75)(16.9)(3.72)(0.88)(3.18)(1.28)

' .
Mlo = 1,995

We obtain M4 from

(49.3)(1.35)(10.7)(32.2)
(6.75)(16.5)(3.39)(0.88)(3.18)(1.25)

v
My = 1795

]
Mg =

We can now use these values of M to calculate
the pressure and velocity for both items 10
and 14.

_AC(1 + C/2M{)(1.69)(12)

Po1g = (93)
™0 "B+ c/aMp)(eM + 1.2) (
p . (0.88)(3.18)(3.82)(1.11)(1.69)(12)
mi0 = (13)(108)(5.12)

Pmio = 46,400
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P (0.88) (3.18) (3.39) (1.11) (1.69) (12)
mil4 = - (o .on@.y

Pm14 = 25,300 psi

v p) _AC(M' +¢)
16 " "M +cr3
2 (0.88)(3.18)(3.82)(1.79 + 2.57)(32.2)
Vio© = 18.2

Vio =2,590 fps

(0.88)(3.18)(3.39)(1.29 + 2.08)(32.2)

Vig? - 17.6

Vi4 = 2,300 fps

4-38. Derivation of Equations by Method Out-
lined in OSRD 6468. For the tabular solution
we assume that 7 = 1.3; and that the starting
pressure is what is developed when one per-
cent of the charge has burnt when the projectile
begins to move. The covolume of the propellant
is considered.

Equation of State. The equaiion of state (34),
as derived in paragraph 4-25, is transformed
by taking Ve = AXg and AX=Ve + Ax. Ttre
equation of state (34) then becomes

T

C
P ng = - aN]§ NPTy _ (99)

Multiplying this equation by v¢, dividing b};
its equivalent AX, and remembering that
C/Ve = 8o, we get

C 8o N T
Pve == - = aafg=— = —
¢ ¥ 7 -300g =NF £~ (100)

Equation of Motion. By equation (52), equa-
tion (33) can be expressed in terms of the
average gas pressure as

_MM4+ /5] dv
Ap'g( )vdx

M (101)
d‘
or AP = mV RJ (102)
where '
1 C
m=o (M + ?) (103)




To account for frictional resistance, engraving
resistance, etc., m' is substituted for m, the
relation being m' = 1.02m. The qu..~ity m' is
defined as an effective mass. '

The three equations, the energy of m:tion (33),
the equation of state (34), and th: vnergy bal-
ance equation (40), derived previ.usly in para-
graph 4-26, are combined to give one equation
valid before and after the powder is all burned.
The rate of burning will then be used to obtain
a differential equation applicable only during
the interval of burning of the powder.

First eliminate T/T, between equation (34) and
equation (40), and then eliminate P between this
equation and equation (45). This gives

1 w2_ EN (104)
2mV y-1

Ye (X _fo_,, N\m' dV

TRI\X, “°c)A dx

The equation for the rate of burning (43) may
be rewritten in terms of velocity to give

"RTAWa 109)
This equation is integrated tu give
m' B
to-f="awV (106)

where fo is the value of f when the velocity is
zero, that is, {o is the {raction of the web that
is unburned when the projectile begins tc move.
It is convenient to let Ny be the weight of the
powder burned when the projectile begins to
move (equation (47) evaluated at f = {5). Equa-
tion (106) can be used to eliminate { from the
form-function equation, equation (47), to give

(107)

N No m'B m' B\2
T et k¢ ZKolo 7 7 vn«z(— --) v2

The value of N is related to the starting pres-

sure P, by the equation of state, equation (48),

" evaluated at the start of motion, that is, when

P = Py, N= No, T/To= 1, and X/xO= l, gives

No po(l - Ao/o : (108)
C  0y(F + aPy) )
Eliminating N in equation (104) by means of

" equation (107) gives the fundamental ballistic
equation for the interval of burning

(109)
dv No o'
+ V—- =CF --+ (k1 = 2k2fo) — =V

AW
(m B)z] 5
+ k2 re v

Here, in the term aag N/C, which is a small

correcnon term, we hue appraximated the

value of N by replacmg 12 by if. Thus

N
Ez ko - (kq - Ekz)‘ (110)

and, correspondingly, we have introduced

No' 1
—_—= kO - (kl - zkz)fo

4-39. The Solution of the Differential Equation.
Let us define the following:

i1 = ky - 2kgtg (112)
ig = kl - ikz (1_13)
b4 4
c =‘-;+aA° (ko-jzlo) (114)
and
1, A2
Zy = (119)

iy C F m' (B/W)2

In terms of these quantities, equation (109)
becomes

X 'B dv CFjy
X <> " - — —=V{V —=
°[xo @ = aldol A w ] - Tm
(116)
CFB, kafo
+ i1 AW {2(7-1)—12.‘ v2
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This is an equation relating the length of
travel (X) of the projectile to its velocity (V).
It now hecomes convenient to define dimen-
sionless variables related to the travel and
velocity:

X
Yy o a1
and
v
Z-= -9_2 (llg)
where
. ))C F (B/W)
A

In terms of these vanables equation (116)
becomes

Y‘30127b dy

(120)
CFj 1 kofo
- 2°+z{ (5 - 1) - =22
e2ém i12p
Let us define the following:
aA_ jof
rott0l2%0 (121)
Zy
k f '
R R (PR (122)
I1Zp
and
iz ,
- ].o b (123)
i1 fo

In terms of these quantities, equation (120)
becomes

dZ
(y - rZ)ZE; =q (124)
which may be arranged to give
dy 2Z(y- 2
y __‘X__)_2 (125)
dZ q+ Z-u2
We define
y'=y-r2 (128)
4-44

so that equation (125) becomes

dy Zy'

_ . r (127) .
dz q+ Z-uz2

Thus we obtain a linear first-order differential
equation, with a solution as follows

z
y'=J(<-rf -"—J%) (128)
(o]
-Where k is the constant of integration,
z ,
Z dz
T=exp f _— (129)
' ,  q+2-uz2
and '
z
dz
S=17 f -}— (130)

[e}

Then by using the definition of y' from equation
(126) and of y from equation (117)

X/Xog=kJ+a -r(S-2) (131)
The function J is elementary, but the expres-
sions developed by the explicit integration are
rather cumbersome from a computational point
of view. The function S is, in general, not
elementary, ard must be calculated either by
numerical integration or by some type of series
exparnsion.

The integration constant k is obtained by use
of the initial situation, X/Xo =1 when Z = 0,
J=1,and S=0.

This gives the following equation for X/Xg as
a function of Z.
X/)\n =

J-a (J-1)-r(S-2) (132)

This is the relation between the travel and the
velocity of the projectile. It will be noted that
in this equation the v:locity is the independent
variable and the travel is the dependent vari-
able. This is not the choice that would have
been desired. However, it is not possible togive
a simple equation for the velocity in terms of
the travel.
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The pressure may be obtained as a function of
the velocity as follows. From equation (45) and
the definitions of Z and y in equations (117)
and (118)

dz
eq2 — :
P=e3 ay (133)
where
2 !
Ve

The constant €3 may be written in terms of
more funddmental quantities as follows:

Fjy fo %o

e3= — 5= (135)

Equations (124) and (133) may be combined to
give

p q+Z - uz? 2

-93X/Xo-o-rz (136)
The relation between position and time can be
obtained only by means of numerical integrals.
This can be carried out by use of either of
two equations

(137)

or
(138)

The first equation leads toan improperintegral.
For this reason, it is always convenient to
begin the integration by use of equation (137).
This equation leads to infinite times in the case
Py = 0. This is true because the ballistic equa-
tions give solutions for the case P, = 0 only in
a limiting sense. If the pressure is initially
zero, the pcwder (according to the rate-of-
burning equation used) will not burn. Therefore,
the pressure will not rise, and the situation
will remain unchanged.

4-49. The Maximum Pressure. The position of
the maximum pressure is found by setting
g; 2 0. Let a subscript » indicate that the
quantity has been evaluated at the time of maxi-

mum pressure. The differentiation of equation

-

dp

" (136), and the settirg of -< = 0, leads [see

dx
equation (117)] to

(dY/dZ)p = (yp = rzp) (I - 2 uzp)

(139
Q+Zp-u sz )

If a position of true maximum pressure (that
is, %sl:- = 0) occurs during the range of the equa-

tion (ihat is, during the burning of the powder),
equation (137) may be combined with equation
(125) to give

qQ+2Zp-uZp2 (1+2u)Zp-1
Yp-rZp - r

Thus, from equation (136) we obtain on re-
arrangement

(140

r
X+-e-5pp
Zp = —— (141)
1+ 2u

" This is a relation between the value of Z, and

the value of P at thetime of maximum pressure.
The numerical value of the term (r/e3)P is
of the order of 0.1, so that the numerical value
of Zp is only slightly dependent c . the value of
P,. This fact is -made use of in a recursive
method of obtaining zZ, and'Pp numerically.

4-41. The Point_at Which the Powder Is Aill
Burned. The velocity at the time the powder is
all burned is o' "iined from equation (106) by
letting f, the fraction of the web left unburned,
equal zero. Thus

Af,

(B
m (w
It is convenient to let the subscript b indicate
that the quantity has been evaluated at the time

that the powder is all burned. From the defi-
nition of Z equations (117) and (118)

. foAZ
® iy C F m' (B/W)2

Vp = (142)

z ( 143)

Thus the quantity previously denoted by Zp is
seen to be simply the value of Z at the time the
powder is all burned [equation (120)] .

4-42. The Equations for the Period After All
the Powder Is Burned. In the derivation (para-
graph 4-38), it was stated that equation (104) is
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applicable both before and after the powder is
all burned. After the powder is all burned,
N = C and equation (104) becomes ‘

- (142
Q) FC Vem m' X vc_iy
2™V 5T AG-D x0 ) Vi
Let
b- _CF C(144)
m'(y-1) . '
and
X .
= - oA (145)
X xo n4,
Then, since
d 2
yV Vv 1 dvE i146)
dX XodX 2Xo dX
equation (143) becomes
vz (5-1) b(7 - 1)
—_ v2 - _ (147)
dx X

This differential equation can be sclved to give

v2ox 7 oV (148)

where k is the constant of integ_ration.

This constant is evaluated so that V = V}, when

X = Xp. Thus,

o\ @D
V2=(Vb2-l)(?b) . +b  (149)

It is convenient to define ,
L=t 7-1 (150
Q=(1 -——?— ]lfOZb) (Xb/xo-b ’nAo) . (150)

Then, by use of equations (142), (144), (145),
and (149),

(151)
2 2CF . =(¥-1
Vet [t Q% - ey 77 Y]
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with their use.

The pressure is found by combining equatlons .
(34), (146), and (147). Thus

m(5-1  (h- V2
2VC (X/XO - 14

- (152)
J

It is convenient to introduce Q, as defined in
equation (150), into this equation to give

- P=230 FQ(X/Xa - nto)”” (153).
4-43. Summary of Equations. The equations of
interior ballistics developed previously can be
summarized and rewritten in a form more
suitable for use in the solution of problems..
The equations are given in an order consistent
The constants are expressed
in a somewhat different manner, that is, in a -
manner which permits more direct calculation
of their numerical values. Equations for the--
gas temperature and for the fraction ‘of the
powder burned are included. ‘These equations
are derived directly from equations (34) and
(107). First we have the subsidiary quantities —
functions of the form function constants kg,

- kg, and kg, and the fraction of the powder

burned to create the starting pressure, ‘jo:'
o /2 (154)
it = [ly? - kg G - o)j
(k1 - j1)
0= Zkz if ko £0 .
- (156)
(ko - o) 0 o
o=—— ifky=
kg :
1
#1 = lo = Kafolfo - 3) (157

One of the important parameters is Zp. This
quantity introduces the burmng rate, and is de-
fined as

' Zp = ,A2/i;CFm' (B/W)2 (158)

The quantity «, which is veSsentially the geo-
metric density of loading, that is, the ratio of




—ﬁ

the density of loading4, = C/V, to the density
of the powder P, is defined by

(159)

bo
a=—+ab u
) 0™

The quantity r introduces the covolume of the
powder gas (n) through

a=n-2t (36)
P
so that .
ajofA
r=—20% (160)
Zp

The two parameters that enter intothe functions
J and S are q (related to the starting condi-
tions) and u (related to the pseudn-ratio of
specific heats, 7):

iZ
q=2"% (161)
iifo
- k2fo
u-z(y-l)-m (162)

The physical quantities for the interval before
all the powder is burned (that is, Z < Zp) are
given in terms of the parameter Z. The travel
of the projectile is given by

vc
L= X/X5-1) (183)

where

X -J1-a)-rs+a+r2 (164)

%o

The pressure is given by

12F) 138,  Q+Z-uZ2

P Zy . 0 -e) - s (165)
The velocity is
jof \1/2
V- (CP"%) z (168)
m'Zy

The time since the beginning of motion is

given by
fo z dz
t = j = (167
Zp \W) ©

The gas temperature is given by

T [1 . 1/2 (7 - 1) 22 ] 168
" To -(_q-:-Z-uZ"‘)ol/z(?—l) z2 ’

The fraction of the powder burned N/C is
given by - (169)

N jyfof 2 .
T 7, q+2Z-uZ+1/2 (7 - l)Z]

The point of maximum pressure is given by
Zp, where

2y = LI o (170)
1+2u 12Fj1

unless Z,> Z,. If this is true, all the powder
is burneg before the pressure has risen to a
point of zero slope. The maximum pressure
then occurs at the time the powder is all burned,
that is, at Z = Zp. It will be noticed that Z,
depends on P, However, this is a weak de-
pendence, so that a method of successive ap-
proximations converges quite rapidly.

4-44. Tables for the Calculation of Muzzle
Velocity and Maximum Pressure. Tables 4-9
through 4-15 show the interdependence of the
four functions I (a function related to the
muzzle velocity, Pp® (a function related to the
maximum pressure), * (2 function related to the
density of loading), and Z), (a function relatedto
the burning rate or web). These tables permit
the rapid solution of problems involving only
the maximum pressur¢ and muzzle velocity.
The tables cannot be used to obtainthe complete
curves. The use of the tables is restricted
somewhat by the fact that certain of the minor
parameters are fixed; in general, this is not a
serious restriction.

A new constant, dependént only upon the char-
acteristics of the powder, is

a
‘a° = 23,969 (—E) (171)

The numerical constant was chosen to make
a®a1, for M-1 powder. A new pressure
function . defined as

Po-a% (172)
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The travel function is

f. 220 (173)
(- -
and the densitv of loading functvion
“ ¢= 2 (174)

As in the case of the other variahles, a sub-
script p, b, or m on PO or ¢ indicates that the
quantity is evaluated at the time of maximum
pressure, when the powder is all burned, or
when the projectile reaches the muzzle, respec-
tively. In the case of seven-perforated grains,
the subscript s refers to the instant the powder
splinters. The use of two of these tables is
shown in the solution of the problem worked out.

A function " has been defined so that

vm?. _2CF (1-r¢ ?-1)
F-1m

(175)

provided that

e (-1 g-woZp)
m T r

or, in the case of the seven-perforated grain
tables, provided that

¢ (7 -1 g (10242029
m r

(These conditions are necessary to ascertain

that the powder is all burned whenthe projectile -

reaches the muzzle.)

Reference 2 has two sets of tables showing the
interrelations of ', Pp©, ¢, and Zp (or 7). One
set applies to the problems involving the burn-
ing of constant-burning-surface grains. The
other applies to the burning of seven-perforated
grains. In this latter case, Zg replaces Zj as
the variatle in the tables.

There are three other fundamental parameters
or auxiliary variables that enter intothe simpli-
fied tables. They are:

4. The reduced ve.ocity at the completion of
burning, for constant-burning grains
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A2 B\ 2
Zp=0.99 — m (—)

7
oF W (176)
for seven-perforated grains
A2 B\ 2
Zs = 1.369 — (—) 177
s cr " 1

b. The pressure function

p (F) 2 p-2.3969 x 104
o={;) , 3P-2360x 1042 p arp)

c. The velocity function for the period after
burning is complete is

[(Zy, Pp®)= (1 - 0.14852y) £ -3

(179)
Two of the minor parameters have been fixed
by the tables. The starting pressure has been
fixed by taking j = 0.01. The heat loss and ratio
of specific heats has been fixed by taking
y = 1.30. Provided that these quantities are
not changed, the results obtained by use of
these tables are numerically identical with
those obtained by the cumbersome fundamental
equations. i

4-45. Solution by the Hirschfelder System. The
example worked out by the RD38 System will
now be worked out by the OSRD 6468 System,
and the results will be compared in table 4-20.
We again assume that item 21 is known, and
will calculate the maximum pressure and muzzle
velocity for items 10 and 14.

Knowledge of C, Ppyay, and type of propellant
permits calculation of Pp and ¢. Table 4-11
provides u.e value of Zg for the calculated
values of P,° and ¢. From Zg, B/W and
therefore B can be calculated. B is dependent
on the propellant formulation caly, and may be
used to estimate B/W for any other round (that
is, items 10 and 14) using the same formula-

_tion. Zg and ¢ may then be calculated for items

10 and 14, which are used to obtain values of
P, and r. From P .° and r the maximum
pressure and muzzle ‘velocity for items 10 and
14 are obtained.

The maximum pressure for item 21 is given
as:

plnax = 45,400
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From this we determine Pp by:

_M+C/3
P Msc/2 max

Pnax = 43,100 1b per in.2

The value of a, 12.98, is obtained from table
4-15. The value of a9, also from table 4-15, is

0.991.

p.0- a0

P p= 0.991 (43,100) - 42,700

a 12.98
a = = = 0.665
(1/20-1/¢) 195

. 8.12 0.027
20 =355 = -

Zg = 1.5890 (frora table 4-11)

v (1.02) (24.1 + 8.12/3.1)
m = 32.17

m' = 0.8467

B _J (1.369) (102.1)
w Y (8 12) (3.18)105(0.8467) (1.5890)

= 0.00634

€lw

. Therefore, B = 0.0003455.

Using tbis value of B, we may now calculate the
ratio of B/W for items 10 and 14, since web
sizes are known.

For item 10:

_ 0.0003455 _ ) 10805

B
W 0.0419

B\2
(W) = 6.81 x 10-5

(1.369) A2 154
Zs= Crm' (B/wW)2 ~

from table 4-11, we get PO = 46,000 lb per
in.2. The value wzs obtained with a value of
¢ as 0.679.

46,000
Pp = —— = 46,400 b per in.2

P~ 0.991
15.4 + 3.82/2]
P_._=46400} — ——°
max % [15.4 +3.82/3

= 48,100 Ib per in.2
For item 14:

B _0.0003455 a1
W 0.0367

2
/B—) = 8.85 x 10-°

\w,

Zs = 1.48
¢=0.313
hence, {rom table 4-11,
Pp° = 19,010 Ib per .2
Pp = 19,200 Ib per in.2
Ppnax = 19,800 Ib per in.2

Checking the velocity, we use the basic formula

6.667CF
- 0.3] (—==
Vm = (" Tfm ) ( m' )

For item 10:
Vm =

6.667) (3.82) (3.18) 105
‘/[1-(1.3379) (0.3955)][( ©.%2 @10 ]

0.528
The value of I is obtained from table 4-13.

¢ m is obtained from the formula

£ = al.o

Hence
_12.98 (6.0273)
‘m = 8,63 - (30.49) (0.0273)

£.,9-3 - 0.3955 (table 4-14)
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The value Xp,/X, is obtained from the formula

Xm Ve + AL
Xo Ve

Hence

X 140 + (6.82) (156
—m. ) (156) = 8.63
Xo 140

Vm = 2,680 ft' per sec
The actual velocity is 2,600 {t per sec.
Checking for velocity in item 14:
r=1,7813
m= 0.0336
m®-3= 0.3613

Xm

X

- (L. 0.36 |
v=J[l (1.7813) ( 1)](“9) 106

= 1.19

0.509
V = 2,340 ft per sec

4-46. The Optimum Conditions

a. Optimum Loading Density. Given a gun
with its maximum rated pressure  and the
weight of the projectile to be fired from it,
the question often is asked what is the maxi-
mum velocity that can be obtained. In most
cases of guns encountered it turns out that the
maximum velocity occurs at maximum-loading
density, that is, at the maximum charge that
the case will hold. To avoid ignition diffi-
culties, and as a consequence of the packing
characteristics - of propellants, this maximum
loading density should seldom exceed 0.75 g/cc
of chamber volume. The optimum loading den-
sity in the general case. is dependent on pres-
sure, however, and at low pressures, or with
very light projectiles,
density may leave a void in the cariridge can.

b. Optimum Gun. If the gun is in the design
stage, with the required velocity and weight of
the projectile known, the method of solution for
the optimum gun corresponds to a trial and
error solution for several ‘assumed values of
chamber volume and travel. A calculation is
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the optimum loading -

made for each of these values to determine
optimum loading density (subparagraph 4-46a
above) and velocity. The selection of these
assumed values for chamber volume and travel
is based upon the characteristics which are
desired for the gun; for example, in tank guns

- it is desirable to keep gun length as short as .

possible. The desired characteristic could also
be a light gun. The design should be a coopera-
tive effort among the interior ballistician, the
gun designer, and the man familiar with tactical
requirements. As an example, if there is a
maximum length limitation that cannot be ex-
ceeded, the initial calculation may be based on
this maximum barrel length, and the velocity
calculated for several assumed values of cham-
ber volume. If the chamber volume at which
the desired muzzle velocity is obtained is low
enough, znd it is desired to shorten the gun
length at the exvense of a larger chamber vol-
ume, the calculation may be repeated for a
shorter barrel length. This relationship of
chamber volume versus barrel length to obtain
a given velocity at a given pressure is asymp-
totic to both axes, and there is a smallest

.practical chamber and shortest practical gun

as shown in figure 4-15. Pressure enters into
this problem by its effect on gun weight. and if
the lightest gun is desired, the method outlined
above has to be repeated for several pressure
levels, and at each pressure level the lightest
gun is selected. For tank guns, weight is not
too important, and considerations of short
length prescribe using the shortest possible
gun, which implies working at the maximum
pressure level permitted by practical con-
siderations, such as cartridge case design.

Table XVII of OSRD 6468 has approximate
solutions of velocity and loading density versus -
gun Jdimensicns and pressure which may be used
to restrict the number of trial calculations to
be made as outlined above.

4-47. Example for Optimum Loading Density.
In the example worked out below, there is a
fixed gun-projectile combination, with one type
of propellant. The loading density and quick-
ness (B/W) are varied in order to attain max-
imum velocity at the required pressure.

‘In this example, we again use a 90-mm gun,

but of different type. Also, we change the

BEST AVAILABLE CGPY




Teble of Zy as a function of pand P °, single-perforated grains

Tuble 4-9 (OSRD 6468)

o 0.05 0.1 0.15 0.20 0.25 0.30
P
p
2000 2.4588
4000 L 1,1748_ 2.4914
6000 0.7767 1.6185 2.5242
8000 0.5448 1.2047 1.8626 2.5574 3.2909
10000 0.3591 0.9636 1.4819 2.0242 2.5906 3.1818
12000 0.2031 0,8058_____ 1.2349 1.6810 2.1439 2.6241
14000 0.0691 0.6849 | 1.0618 1.4417 1.8342 2.2395
16000 0.5783 ,  0.9338 1.2655 1.6071 1.9586
1800 0.4830 |  0.8354 1.1304 1.43%4 1.7444
2000V 0.3966 09543 T 1.0236 1.2964- 1.5758
22000 0.3176 0.6803 v 0.937 1.1856 1.4398
24000 0.2448 0.6121 o 0.8654 1.0941 1.3276
26000 0.1771 0.5488 78045 11,0174 1,2337
28000 0.1139 0.4897 0.7482 ! 0.9520 1,1538
30000 0.0547 0.4343 0.6956 ! 0.8958 1,0851
32000 0.3821 0.6460 0.8168 1.0253
34000 0.3329 0.5991 ¢.8018 . 0.9730
36000 0.2861 0 5547 0.7592 0.9266
38000 0.2417 9.5124 0.7187 | __.0.8854
40000 0,1993 0.4722 0.6800 0.8480
42000 0.1538 0.4337 0.6432 0.8124
44000 0.1201 0.3969 0.6078 0.7783
46000 0.0829 0.3616 0.5740 0.7457
48000 0.0471 0.3277 0.5415 0.7143
50000 0,0127 0,2950 0,5102 0,6341
52000 0.2635 0.4800 0.6551
54000 0.2332 0.4509 0.6270
56000 0.2038 0.4228 0.5999
58000 0.1754 0.3956 0.5737
60000 0,1479 0,3693 0,5484
62000 0.1213 0.3438 9.5238
64000 0.0954 0.3190 0.4999
66000 0.0703 0.2950 0.4768
68000 0.0458 0.2716 0.4543
70000 0.0221 0.2489 0.4324
72000 0.2268 03111
74000 0.2052 0.3904
76000 0.1842 0.2702
7800¢ 0.1637 0.3504
80000 0.1437 0.3312
82000 0.1242 0.3124
84000 0.1051 0.2941
86000 0.0864 0.2761
88000 0,0682 0.2586
90000 0.0503 0.2414
95000 0.0073 0.2001
100000 0.1608

4-51
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Table of Zy as a function of : and P,,o, single-perforated grains (cont)
¢+

Table 4-9 (OSRD 6168)

™ : i
0 0.35 0.40 0.45 0.50 0.55 0.60 i
P |
p !
——— : ﬁl
12000 31518
14000 2.6578 3.0892
16000 2.3291 2.6917 3.0737
15000 2,063 2.3905 2.7253 3.0694
20000 18619 2.1515 2,459 2,7601 3.0731
I 22000 1.6995 1.9648 2.2357 2.5123 2.7916 3.0827
24000 1.565Y9 1.8089 2.0367 2.3094 2.5669 2.4293
26000 14541 1.6756 1.9073 2.1402 2.3773 2.6156
28000 1.3591 1.5681 1.7308 1.9371 2.2171 2.4407
| 30000 1.2776 1.4733 1.6722 1.3744 2.0799 2.29%6 |
32000 1.2067 1.3910 1.5751 1.7682 1.9612 2.1570 |
31000 1.1446 1.3189 1.4958 1.6753 1.8574 2.0422
36000 1.0898 1.2553 1.4231 1.5934 1.7660 1.9410
33000 1.0409 1.1987 1.358€ 1.5206 1.6848 1.8513
40000 0.9972 1.1450 1.3008 1.4556 1.6123 1.7711
12000 0.9579 1.1025 1.24%9 1.3971 L5472 1.6991
44000 0.9223 1.0612 1.2019 1.3443 1.4833 1.6341
1€000 0.8399 1.0238 1.1592 1.2963 1.4349 1.5752
18000 0.8595 0.5896 1.1203 1.2525 1.3862 1.5214
50000 0.5303 0.9583 1.0846 1.2124 1.3116 1.4722
520C0 0.3022 0.9295 1.0512 1.1756 1.3007 1.4271
51000 0.7750 0.9028 1.0217 1.1417 1.2530 1.3855
56000 0.7483 0.3774 0.9937 1.1103 1.2261 1.3470
58000 0.7224 0.8528 0.9678 1.0812 1.1957 1.3114
60000 0.69%9 0.8239 0.9427 1.0542 1.1657 1.2783
62000 0.6751 0.3058 0.9211 1.0259 1.1377 1.2474
64000 0.6520 0.7835 0.3994 1.0054 1.1115 1.2186
66000 0.6296 9.,7617 0.8782 0.9834 1.0870 1.1917
63000 0.6079 0.7406 0.5577 0.9627 1.0641 1.1664
R 0.5867 0.7201 0.8377 0.9432 1.0425 1.1427
) 0.5681 0.7001 0.81383 0.9243 1.0222 I.1203 " |
74000 0.5461 0.6%07 0.7994 0.9059 1.0031 1.0993
76000 0.5265 0.6617 0.7810 0.3879 0.985) 1.0794
78000 0.5075 0.6423 0.7631 0.87 0.9679 1.0606
30090 0.4829 0.6252 0.7455 0.8534 0.951 1.0428
52000 0.4703 0.6077 0.7235 0.8363 0.9351 1.0260
34000 0.4530 0.5905 0.7113 0.8205 0.9193 1.0100
36000 0.4357 0.5737 0.5935 0.8046 0.9038 0.9947
83000 0.4188 0.5573 0.6795 0.7891 0.8887 0.9300
90000 0.4022 0.5412 0.6639 0.7740 0.8739 0.9656
95000 0.3623 0.5026 90,6264 0.7375 0.8333 0.9309
100000 0.3244 0.4659 0.5908 0.7028 0.8046 0.8980




Table of Zy, as a function of ; and Ppo, single-perforated grains (cont)

Table 1-9 (OSRD 6468)

0.65 0.70 0.75 0.80 0.85 0.90
3.0967

2.8642 Q1112

2.6682 2.5003 3.1343

2.5006 £.7160 2.9347 3.156%

2.3559 2.5576 2.7624 2.9702

2,2295 2.5196 2.6123 2.8078 3.0059

2.11384 2.29052 2.1804 2.6€51 2,8522 3.0418
2.0198 2.1906 2,:3636 2.5358 2,7163 - 2,8960
1.9319 2.0947 2.2595 2,4263 2,5952 22,7662
1.8529 2,008 2.1661 2.3255 2.1867 2.6499
17816 1.9309 2,061% 2.2315 2.3889 2.5451
1.7170 1.8604 2.0035 2.1521 2.3004 2.14503
1.6581 1,7963 1.9360 2.0772 2.2199 2.5641
1.6042 1.7376 1.8724 2.0087 2.14A3 2.2853
1.554b .6838 18141 1.9458 2,0788 2.2132
1.5092 1.6342 1.7695 1.8850 2.0167 2.1468
1,4671 1.5885 1.7109 1.8346 i.9595 2.0855
1.4281 1.5460 1.6650 1.785 1.9064 2.0288
1.3919 1.5066 1.€224 1.7393 1.8572 1.9762_ |
1.3582 1,4700 1.5828 1.6966 1.8114 1.9272
1.3267 14307 1.5457 1.6567 1,7687 1.85616
1.2972 1.4037 1.5111 1.6.94 1.7237 1.8389
1.2696 1.3737 1,4787 1,5845 1.6913 1.7989
1.2437 1.3455 1.4482 1.5518 1.6562 1.7614
1.2193 1.3190 1.4196 1.5209 1.6231 1.7262
1.1963 1.2840 1.3926 14919 1.5920 1.6929
1.1745 1.2704 1.3671 14645 1.5627 1.6616
1.1540 1,2482 1.3430 1.4386 1.5350 1.6320
1.1346 1.2271 1.3202 1.4141 1.5087 1.640
1.1162 1.2¢71 1.2986 1.3999 1.4839 1.5775
1.0987 1.1881 1.2782 1.3689 1.4603 1.5524
1.03821 1.1701 1.2587 1.3480 1.4379 1.5285
1.0663 1.1329 1.2402 1.3281 1.4166 1.5057
1.0512 1.13C6 1,2225 1.3091 1.3963 1.4841
1.0166 1.0990 1.1820 1.2655 1.3496 1.4343
J.0944 1.0654 1.1458 1.2266 1.3080 1.3900
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Table 4-9 (OSRD 6468)

Table of Z), as a function of 3 and Ppo, single-perforated grains (cont).

S e St .

¢
o 0.95 1.00 1.10 1.20 1.30
P
P

38000 3.0780

40000 2.9392 3.1143

12000 2.8149 2.9819

44000 2.7031 2.8628

46000 2.6018 2.7550 3.0663

48000 2.5098 2.6571 2.9563

50000 2.4258 2.5677 2.8559

52000 2.3488 <.4858 ’ 2.7639 3.0475 .

§4000 2.2780 2.4108 2.6795 . 2,953%

56000 2.2127 . 2.3412 ) 2.6016 ) 2.8669

58000 2.1523 2.2769 2.5296 2.7869 J.0488
60000 2.0962 2.2174 2.4629 2.7127 2.9699
62000 2,0441 2.1620 2,4008 - 2.6438 2.8910
64000 1,9955 2.1103 2.3430 ’ 2.579¢6 - 3.8202
66000 1.9500 2.0621 2.2890 2,5197 . 2.7541
68000 1.9075 2.0169 2.2384 2.4636 2.6923
70000 1.8675 1.9745 2.1910 _ 2.4110 - 2.6344
72000 1.8300 1.9347 . 2.1465 - 2.3616 2.5800
74000 17947 1.8972 2.1045 2.3151 2.5289
76000 1.7613 : 1.8A18 2.0650 ©2,2713 2.4807
78000 1,7298 1.8284 2.0277 2.2300 2.4352
80000 1.7001 1.7968 1.9924 - .2.1909 2.3922
82000 16718 1.7669 ©1.9590..  2.1539 2.3515
84000 1.6451 1.7385 1.9273 2,1188 2.3129
86000 1.6197 1.7115 1.8972 2.0855 2,2763
88000 1.59558 1.6859 - 1,868 - 2,0538 - - 2.2415 .
90000 1.5725 1.6615 1.8414 2.6237. 2.2085
95000 1.5196 1.6054 1.7788 T -1.9545 2.1324

100000 1.4724 1.5554 © 11,7231 - 1.8928 2.0647

[P
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Tcble 4-10 (OSRD 6468)

Table of I" as a function of » and Ppo, single-perforated grains

0.05 0.10 0.15 0.20 0.2%
P (0]

P

2000 3.7334

4000 __.2,9089 ___ 3.0370

6000 2,7228 ! - 2.33715 2.6935

8000 26248 |  2.3530 2.3380 2.4751 2,7762

10000 25510 |  2,2367 2.1716 2.2007 23191 - 2.5382
12000 24922 . __2.1918____ 2.0733 2.0525 ‘z.M‘_Tm—w
140€0 2.4434 2.1541 1 2.0115 1.9595 1.9639 2.0128
16000 2.1170 ' 1.9687 1.8955 1.8758 1.8938
18€00 2.0847 R 0 & T S 1.8487 1.8128 1.8104
29000 2.0502 1.9067 I 1.8130 1.7655 1.7493
32000 2.0307 1.8828 v 1.7849 17286 1.7031
24000 2.0076 1.8613 w__..1,7622____ 16991 1.6648
26000 1.9666 1.8415 17431 ¢ 1648 1.6344
28000 1.9673 1.8234 1.7258 | L6548 1.6091
30000 1.9494 1.8067 1.7099 | __ 16374 1.5879
32000 1.7911 1.6950 16227 ,  1.£697
34000 1.7766 1.6811 1.6093 i 15539
36000 1.7630 1.6681 -1,5967 ¢ L5402
38000 1.7502 1.6559 1.5849 {15281
40000 1.7381 1.6443 1.5737 1.5174 "
33000 1.7266 1.6304 15631 1.3069 |
44000 1.7157 1.6230 L5531 1.4972 |
46000 1.7054 1.6131 1.5436 1.4879 |
48000 1.6956 1.6037 LSS 1.4790
50000 1,6861 1,5%47 },5257 1,4705
52000 1.5860 15174 1.4624
54000 15717 15094 1.4548
56000 1.5698 1.5017 1.471
58000 1.5621 14943 1.4399
60000 1.5548 14872 1.4330_ |
62000 1.5477 1.4807 1426
64000 1.5408 1.4736 1.4198
66000 1.5341 14672 1.4136
68000 1.5277 14610 1.4076
7000C 1.5215 1.4550 1.4017
72600 1.4491 1.3960
74000 14435 1.3908
76000 14380 1.3851
78070 14326 1.3799
80000 14274 1.3748
82000 14223 1.3699
84000 14174 1.3651
86000 14128 1.3604
88000 1.4079 1.3558
90000 14033 1,3513
95000 1.3923 1.3406
100000 1,3308
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Table 4-10 (OSRD 6468)

Table of I" as a function of ; and P o' single-perforated grains (cont)

)
? 0.35 0.40 0.45 050  0.55 0.60
P o]

P
12000 2.3718
14000 2.1050 2.2466
16000 1.9437 2.0268 . 2.1477
18000 1.8352 . 1.3850 1.9608 2.0670
20000 1.7569 1.7856 '1.8245 1.9048 1,9994
22000 1.6978 1.7118 1,7428 1.7904 1.8559 1.9417 .
24000 1.6514 1.6548 1.6730 1.7051 1.7515 1.8131
26000 1.6140 1.6093 1.618V . 1.6390 1.6718 14,7169
28000 1.5831 1.5721 1.5735 1.5860. 1.6089 1.6420
30000 1.5573 1.5411 1.5368 1..,426 1,5578 1,5820 -
32000 1.5353 1.5149 1.5058 1.5003 1.5155 : 1.5327
34000 1.5163 1,4924 14794 1.4755 1.4798 1.4914
36000 1.4998 1.4729 1.4566 1.4491 1.4492 1.4563
38000 ] 1.4853 1 +558 1.4366 1.4260 1.4227 1.4260

TTTTRV066 - 1.4728 1.4407 1.4191 1.4058 1,3995 1,3996
42000 1.4610 1.4272 1.4035 1.3878 1.3791 1.3764
44000 | 14507_____ 1.4151 1.3895 1.3718 1.3609 1.3558
46000 1.4415 ! 1.4143 1.3770 1.3575 1.3446 1.3374
48000 1.4328 ! 1.3945 1.3656 1.3445 1.3299 1,3208
50000 1.4245 1 1,3855 . 1,3553 1.3327 1,3165 1,3058 i
32000 1.4166 1 1,3773 .. 1.3459 1.3220 1.3044 1.2922 .
54000 1.4090 1.3698 ' 1.3372 1.3122 1.2933 1.2797 | ]
56000 1.4017 1.3626 \ 1.3293 1.3031 1.2831 1.2683 ,
58000 1.3948 1.3557 : 1.3220 1,2948 1.2737 1.2578
60000 1,.3873 1.3491 ' 1,3152 1.2871 1.2651 1,248° :
62090 1,3813 1.3427 1.3088 [ 1.2799 1.2570 1.2391 . IO
64000 1.3750 1.3365 1.3027 ' 1,2733 1.2495 1.2308
66000 1.3689 1.3305 1.2968 E 1.2671 1.2426 1.2230
68000 1.3630 13247 1.2911 . 12613 ____ 1.2361 1.2157
70000 1.3572 1.3191 1.2856 1.2558 ' 1.2299 1,2089
72000 1.3517 1.3136 1.2803 1.2505 ? 1.2242 1.2025
74000 1.3463 1.3083 1.2751 1.2454 ' 1.2188 1.1968 :
76000 1.3410 1.3032 1.2700 12404 | 12138 11909 ;
78000 1.3359 1.2982 12651 1.2356 3089777 11856 :
80000 1.3310 1.2933 . 1.2603 1.2309 M 2&3 ! 1.1805 :
82000 1.5261 1.2886 1.2557 1.2263 1.1398 1 1.1757
84000 1.3214 1.2840 1.2511 1.2218 11954 14712
86000 1.3168 1.2795 1.2467 1.2174 1.1911 . 1.1670 |
88000 1.3124 1.2751 1.2424 1.3132 1.1869 1.1628 |
90000 1.3080 1.2708 1.2382 1.2921 1. 1828 1.1588 |
95000 1.2975 1.2605 1.2280 1.1991 . 1.1729 1.1490 *
100000 1.2876 1.2508 1.2185 1.1897 1.1636 1.1398

456 | : | to




Table of T as a function of ;

Table 4-10 (OSKD 646)

‘and P,°, singl. -perforated grains (cont)

p?
' 0.65 0.70 0.75 0.80 0.85
(o]
Po

24000 1.8921
26001 1.7752 1.84456
28000 1.6859 1.7415 1.8102
20000 1.6153 1.6331 1.7113 1.7762
32000 1.5578 1.5911 1.6329 1.6341
34000 1.5101 1.5360 . 1,5692 1.6101 1.6598
36000 1.4699 1.4898 1.5162 1.5492 1.5893 1.6373
38009 1.4354 1.4505 14714 1.4981 1.5310 1.5704
40000 1.4054 1.4166 1.4330 1.4546 1.4817 1.5144
42000 1.3791 1.3969 - 1.3996 1.4171 143% 1.4667A
44000 1.3559 1.3608 1.3793 1.3843 1.4026 1.4254
46000 1.3252 1.3376 1.3444 1.3553 1.3703 1.38%4
480270 1.3166 1.3169 1.3213 1.3296 1.3417 1.3577
50000 1.29.8 1.2982 1.3005 1.3G666 1,.3162 13294
52000 1.2846 1.2813 1.2818 1.2858 1.2933 1.3041
54000 1.2707 1.2659 1.2647 1.2670 . 1.2725 1.2812
56000 1.2580 1.2518 ra491 1.2498 1.2536 1.7605
58000 1.2463 1.2388 1.2348 1.2H41 1.2364 1.2416
60000 - 1.2356 1.2268 1.2217 1.2196 1.2206 1.2243
62000 1.2256 1.2158 1.2095 1.2063 1.2060 1.2084
64000 1.2163 1.2056 1.1983 1.1940 1.1925 1.1937
66000 1.2077 1.1961 1.1878 1.1825 1.1800 1.1301
68000 1.1996 1.1872 1.1780 1.1718 1.1684 1.1674
70009 1.1921 1.1789 1.1689 1.1618 1.1578 1.1556
72000 1.1850 1.1711 1.1604 1.1525 1.1473 1.1445
74000 1.1784 1.1638 1.1523 1.1438 1.1378 1.1342
76000 1.1721 1,1569 1.1443 1.1355 1.1288 1.1245
78000 1.1662 1.1504 1.1377 1.1278 1.1204 1.1154
80000 1.1606 1.1443 1.1310 1.1205 1.1128 1.1068
82000 1.1554 1.1385 1.1246 1.1135 1.1050 1.0986

_____ 84000 | = 1.1504 1.1330 1.1186 1.1070 1.0978 1.0909
86000 i 1.1457 1.1278 1.1129 1.1008 1.0911 1.0336 -
88000 ' 1.1412 1.1228 1.1078 1.0949 1.0847 1.0767
95900 i 11369 1.1181 1.1024 1.0893 1,036 1.0701
LT 1.1271 | 1.1073 1.0906 1.0764 1.0647 1.0550
100000 l 1.1180 v 11,0977 1.0800 1.0650 1.€522 1.0416
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Table 4-10 (OSRD 6468)

Table of I"as a fimction of  and Pp", single-perforated grains (cont)

? 0.95 1.00 1.10 1.20 . 1.30
o
Pp
33000 1.6171
40000 1,5532 1,5987
4200v 1.4992 1.5375
44000 1.4529 1.4854 i
46000 1.4127 1.4404 1.5101
48000 1.3774 1.4011 1.4612 .
50000 1.3461 1,3664 1,4185
52060 1.7132 1.3356 1.3808 1.4411
54000 1.2931 1.3080 1.3473 1.4003
56000 1.2703 1.2831 ° 1.3173 1.3640 .
58000 1.2498 1.2604 1.2903 13315 1.3854
60000 1.2307 1,2398 1,2657 13023 1,3503
62000 1.214 1.2209 1.2433 1.2757 1.3187
64000 1.1974 1.2035 1.2228 1.2515 1.2901
66000 1.1826 1.1874 1.2039 1.2293 1.2640
63000 ° 1.1688 1.1725 1.1864 1.2089 . 1.2401
170000 1.1560 1,1586 1,1702 1.1900 1.2181
—72000 1.1440 1.1457 1.1552 1.1725 1.1977
74000 1.1328 1.1338 1.1411 ' 1.1562 1.1789
76000 1.1223 1.1223 11280 1.1410 1.1614
78000 1.1125 1.1116 1.1156 1.1768 1.1450
80000 1.1032 1.1016 1,1040 1.1135 1.1297
82000 1.0944 1.0921 1.0931 1.1009 1.1153
84000 1.0861 1.0832 1.0828 1.0891 1.1018 cs
86000 1,082 1.0748 . 1,073 1.9780 1.0891 :
88000 ~—1.0707 1.0667 - 1.0638 1.0674 1.0771 <
90000 10638 1.0590 10550 1,0574 1.0657
95000 1.0474 1.0416 1.0349 1.0345 ~1.0397
100000 1.0329 1.0260 1.0171 1.0142 1.0167 _
i
<
- i
|
l
. \
BEST AVAILABLE COPY
3
s
4.58 i
«-p
i
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Table 4-11 (OSRD t468)

Table of Zg as a function of ; and P 0, s~ven-perforated grains

o 0.05 0.10 0.15 0.20 0.25 0.30
P

P

2000 1.9949

4000 ____loms  2.0177

£000 0.7143 i 1.3927 2.0406

8000 0.4493 (._1,0960 1.5684 2.0638

10000 0.9038 1.2965 1.6344 2.0866 2,5031
12000 0.7432 _1.1198 ~ 13400 1.7700 2.1096
14000 0.€048 €.5540 ! 1.2695 1.5503 1.8380
16000 0.4529 0.3744 11,1438 1,3889 1.639%4
1800C 07121 1.0448 \ 1.2655 1.4878
20000 0.67H 0.9564 11,1680 1.3684
22000 0.5347 .8 ~08 T1.
21000 0.5166 0.8010 1.0166 . 1,1923
27000 0.4442 0.7319 0,9501 1.1255
28001 0.6675 0,8880 1,0855
30000 0.507 0.8299 1 0092
32000 0.5503 0.7753 6.9263
34000 0.4967 0.7236 0.9063
36000 0,4459 0.6748 0.85°0
35000 0,3976 0.6283 0.8140
40000 0.5841 0,7712
42000 0.5418 0.7303
44000 0.5014 0.6912
46000 0.4626 €.6538
48000 0.4254 0.6178
50000 0.5832
52000 0.5498
54000 0.5177
$6000 0.4867
58000 0.4566
60000 0.4275
62000 0.399

4-59
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Table 4-11 (OSRD 6468!

Taovle of Z as a function of ; ard P,°, seven-perforated grains (cont)
s i L4

., T
o 0.35 0.40 0.45 0.5¢ 0.55 0.60
p .
p
120¢0 2.4591
14000 2.1328 2.4344
16000 1.8950 2.1359 2.4220
18000 1,712 1.9447 2.1791 24176
20200 1.5720 1.7790 1.9891 2,2024 2.4188
22000 1457 1.6456 1.836% 2.0297 2.2257 2.4241
24000 1.3630 1.5360 1713 1.8883 2.0676 2.2490
26000 ; 1.2840 1.4443 1.6064 1.7702 1.9359 2,1032
28000 : 1.2169 1.3665 1.5176 1.6703 1.8244 1.9801 .
30000 1,1591 1.2996 1.4414 1.5846 1.7290 1.8747
32000 1.1076 1.2416 1.3754 1.5103 1.6164 1.7835
34000 1.0590 L 11907 1.3175 1.4453 1.5741 1,7038
36000 1.0130 L1454 7 1.2664 1,3880 1.5104 1.6336 .
38000 0.9693 1.1028 | 1.2210 1.3370 1.1538 1.5713
40000 0.9278 1.0623 ' 1.1803 1.2914 1.4632 1.5156
12000 0.8381 1.0236 Rl S YY1 1.2505 1.3577 1.4656
44000 0.8501 0.9867 1.1065 12134 ____ 13166 1.4204
46000 0.8136 0.9512 1.0719. 1.17%4 y 12793 1.3794
48000 0.7788 0.9172 1.0387 1.1469 o 12452 _ 1.3420
50000 0.7452 0.8845 1.0067 1.1157 1.2141 ' 11,3077
52000 0.7128 0.8530 0.9760 1.0857 T.1837 T 1.2763
54000 0.6817 0.3227 0.9464 1.0567 1.1563 L. 12472
56000 0.6515 0.7934 0.9178 1.0288 1.1289 1.2203 |
53000 0.6224 0.7650 0.8902 1.0018 1.1023 1.1944 |
60000 0.5943 0.7376 0.3634 0.9756 1.0769 1.1694 |
62000 0.5670 0.7110 0.8375 0.9503 1.0522 1.1451
64000 0.5405 0.6353 0.8124 0.9258 1.0282 1.1216 s
66000 0.5148 0.£603 0.7881 0.9020 1.0049 1.0988
68000 0.4899 0.6360 0.7644 0.8789 0.9823 1.0767 < -
70000 0.1656 0.6125 0.7414 2.8565 - 0.9604 1,0552
72000 0.4419 0.5895 0.7191 0.8347 0.9390 1.0343
74000 0.4189 0.5672 . . 0.6973 0.8134 0.9182 1.0139
76000 0.3964 0.5454 0.6761 0.7927 0.8980 0.9941
78009 0.5242 0.6554 0.7725 0.8783 0.9748
80000 0.5035 0.6353 0.7529 0.8591 0.9560
82000 0.4833 0.6156 0.7337 0.8403 0.9377
84000 0.4636 0.5965 0.7.49 0.8220 0.9197
86000 0.4443 0.5777 0.6966 0.3041 0.9022
88000 0.4255 0.5594 0.6788 0.7867 0.8852
90000 0.4070 0.5414 .6613 0.7696 0.8684
95000 0.4983 0.6192 0.7285 0.8283
100000 0.4573 0.5793 0.6595 0.7901
4-¢0 7N
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Table 4-11 (08! /168)

Table of Zg as a function of ; and Ppo, seven-perforated grains (coni)

0.65 0.70 0.75 0.80 0.85 0.90
21000 2.4325
26000 2.2723 2.1432
28000 2.1372 2,2957 2.4558
30000 2.0216 2.1699 2.3192 2.4698
32000 1.9217 2.0610 2.2013 2.3427 2.4850
34000 1.8345 1.9661 2.0986 2.2319 2.3662 2.5013
36000 | 1.7577- 1.3825 2.0082 2,146 2.2618 2,3897
38000 1.6895 .1.8035 1.9281 2.0484 2.1694 2,2910
40C00 1.6287 1.7424 1.8567 1.9716 2.0870 2,2031
12000 1.5740 1.6830 1.7926 1.9026 2.0132 2.1243
44000 1.5247 1.6295 1.7347 1.8404 1.9466 2.0533
16000 1.4799 1.5809 1.6823 1.7341 . 1.8863 1.9890
48000 1.4391 1.5366 1.6345 1.7328 1.8315 1.9305
50000 1.4017 1.4961 1.5909 1.6859 1.7813 1.877
52000 1.3674 1.4589 "~ 1.5508 1.6429 1.7353 1.3230
54009 | 1.3338 1.4247 1.5139 1.6033 1.6930 1.7829
56000 [~ 1.3066 1.3031 - 1.4798 1.5667 1.6539 1.7413
58000 V12796 - 1.3638 1.4482 : 1.5328 1.6177 1.7028
60000 12544 . 1.3365 1.4188 1.5014 1.5841 _ _1.6670
62000 1.2306 T 13111 1,3915 14721 1.5528 1.6237
64000 1:2076 .. 1.2875 1.3660 1.4448 1.5236 1.6027
66000 1.1852 "771,2653 . 1,3422 1.4192 1.4964 1.5737
68000 1.1635 1.2+40 .\ 1.3198 1.3952 1.4708 1.5465
70000 1.1424 1 2233 L 1,2938 1.3727 1.4468 1.5210
72000 1.1219 1.2032 1.2790 j 1.3516 1.3242 1.4970
\ 74000 1.1020 1.1836 1.2598 ' 1.3316 1.4030 1.4743 .
, 26000 1.0826 " 1.1646 1.2411 o] 1.3128 . 1.3829 1.4530
78000 1.0637 1.1460 1.2229 1.2949 ! 1.3639 1.4329
80000 1.0452 . 1.1279 1.2051 1.2775- ! 1.3460 1.4138 )
82000 1.0272 ' 1.1103 1.1873 1.2605 T 1.3290 _____ 1.3958
84000 '1.0097 1.0931 1.1709 1.2439 1.3127 ' 1.3786
86000 0.9926 10763 1.1545 1.2277 1.2968 . 1.3624
838000 0.9758 1.0599 1.1383 1.2119 1.2813 | 1.3169
90000 .0.9595 1.0439 1.1226 1.1965 1.2661 1,3320
95000 0.9201 1.0053 1,0848 1.1593 1.2296 1.2961 | |
100000 - 0.882 0.9687 1.0489 1.1242 1.1951 1.2622
b
i
i
. 3
. o _ . ‘ 1.
h o : ¥
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Table 4-11 (OSRD 6468)

Table of Zg as a function of : and Ppn, seren -pw;for&lvd grains (cont)

~ 4
' 0.95 1.0 NN 1.2 1.3
o i
pp

36000 2.5185

38000 2.4133 2.5363

400459 2.3197 2,4369

12000 2.2359 2.3180 - E

11000 2.1604 2.2679 - "2.4642

46000 2.0920 2.1954 . 2.4034

48000 2.0293 2.1295 L 2.3299

50000 1,9731 2.0694 2,2629 _2457¢ °

52000 1.9210: 2.0143 i 2.2016 2.3899

34000 1.3721 1.9636 . 2.1452 2.3276

56000 1.3289 1.9168 . . 12,0931 2,2703 2.4481

53000 1.7880 1.8725 : 2.0450 2.2172 2.3901 .

60000 1,7501 1,8334 . 2,0004 2,1681 2,3363

62000 1.7148 1.7960 © - - 1.7589 2.1224 2.2863

64000 1.6819 1.7612 T 1.9203 2,0798 2.239¢

66000 1.6511 1.7287 .+ 1.8841 2.0400 2,1964

65000 1.6223 1.6982 ' 1.8503 2.0028 2.1557

70000 1.5952 1.6696 1.8186 1.9680 2.1176

72000 1.5695 1.6427 _ 1.7388 1.9352 2.0818 -

74000 1.5458 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>