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INTRODUCTION

Ballistics is the science that studies the motion and
impact of projectiles (thatis, objects that are designed to
be hurled or shot forward). Thus, ballistics pertains
only to inert, not to self-propelled, objects.

When the behavior of bullets is studied, ballistics
is usually considered in three parts: (a) internal, which
seeks to understand what happens to the projectile
while itis still within the gun barrel, where enormous
pressures act for an instant upon it; () external, which
seeks to describe the factors (airresistance and gravity
being themost important) that determinethe projectile’s
trajectory between the muzzle and the target; and (c)
terminal, which seeks to describe the interaction of the
projectile and the target. Wound ballistics is the study
of the terminal ballistics of both fragmentsand bullets
in living human tissue, and ballistic wounds are pen-
etrating injuries caused by projectiles.

While the nature of ballisticwounds would seem
to depend upon (a) the physical characteristics of the
projectile, () the biophysical properties of the target
tissue, and (c) the interaction between the projectile
and the tissue, this seemingly rational classificationis

difficultto apply. Important physical properties of the
projectile, such as its construction, become apparent
only during the interaction of the projectile with the
target tissue. Thus, projectile construction as a deter-
minant of wounding isbest considered as a manifesta-
tion of the projectile-tissueinteraction. Also, because
little is known about the material strength and visco-
elastic properties of human tissue, integrating their
biophysical properties into a meaningful theory of
wound ballistics is difficult.

Because of these limitations, this chapter discusses
(a) the physical characteristics of projectiles, which
culminate in their ability to penetrate the target, (b) the
biophysics of the projectile-target interaction, and (¢)
ballistic tissue damage. For the medical officer, how-
ever, the problems of ballisticwounds are inseparable
from the problems of wound management, especially
the treatment of wounds of softtissue. More than 90%
of battlefield casualties sustain soft-tissue wounds.
Because of this incidence, the clinically relevant as-
pects of wound ballistics, especially the management
of soft-tissue wounds, constitute a separate chapter.

THE PHYSICAL CHARACTERISTICS OF PROJECTILES

Mass

While physicists consider mass and weight to be
quite different, for the purposes of practical ballistics
the mass of a projectile is numerically identical to its
weight, and is usually conceptualized as being (a)
located at a point within the projectile and (b) usually
located near its geometric center—its center of mass.
The forward motion of the center of mass defines the
projectile’s trajectory (thatis, its line of flight).

Most bullets that modern military small arms fire
weigh 3.5-12.0 g; typical nineteenth-century bullets
commonly weighed 20-30 g (Table4-1). Cannonballs
and the largest fragments from older, random-frag-
mentation shells weighed many kilograms, but the
projectiles from the explosive, improved-fragmenta-
tion munitions used today weigh 50 mg to several
grams (Table4-2).

Density is the ratio of the mass of an object to its
volume. Bullets usually contain lead, which has a
density of 11.4 g/cm? and are disproportionately
smaller than fragments, which are usually made of
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steel, which has a density of 7.9 g/cm?. Tightweight
metals suchasaluminum, which hasadensity of 2.7 g /
cm?, have been used as part of a bullet’s core, and are
the constituents of the fragmentsthat are formed from
the outer walls of certain modern explosive munitions.
Tungsten, at the other end of the density spectrum
with a density of 19.4 g/cm?’, is used as the core
penetrator in small-caliberbullets of advanced design.

Shape

A projectile’s shape, in addition to its mass, deter-
mines how the projectile will behave not only on its
trajectory through air but also as it strikes and pen-
etrates its target. Shapes of projectiles vary from
arrow-like fléchettes to the irregular chunks of random
fragments. Theshape of a chunky fragment isdifficult
to quantify, but the pointed, curved shape of a bullet’s
nose, its ogive, and the cross-sectional area of projec-
tiles can be described.

Ogive. The ogive measures the number of projec-
tile calibers that would constitute the radius of a hypo-
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TABLE 4-1

CHARACTERISTICSOF IMPORTANT MILITARY SMALL-ARMPROJECTILES

Kinetic
Muzzle Energy
Construction Diameter Weight Velocity (muzzle) Important
Weapon Era of Projectile (mm) (g) (m/s) (n Features
Smooth-bore musket* 1700 Soft lead 18 33 180 530 Deformation
round hall
Muzzle-loading rille™ 1850 Soft lead 17 37 300 1,655 Deformation
conoidd] bullet
Breech-loading rifle* 1870 Hard lead 1l 25 430 2,300 Deformation
cylindro-conoidal bullet
Breech-loading magazine rifle" 1890 Blunt nose 7.9 14 600 2.650 Good stability
lead core, steel jacket
Single-shot bolt action rifle* 1910 Pointed nose 7.9 9 830 3,100 Poor stability
lead core,
Vickers Mk 7 machine gun WWI Aluminum cap 11 11 750 3,060 Poor stability
(GB** lead core, copper jacket
Karahincr Model 1898 7.9 11 740 3,000 Poor stability
single shot. steel jacket
(GER)**
ACP M1911 automatic pistol Lead core 1.7 15 265 527 Good stability
(USA)** copper jacket
PPSh machine pistol WWII Lead core 7.62 4.8 490 560 Multiple hits
(USSRy** possible
Garand M1 semiautomatic rifle Lead core 7.62 10.5 830 3,600 Poor stability
(USAy** copper jacket
MG 42 machine gun Lead cure 792 11 800 3.600 Poor stability
(GER)** steel jacket
AKAT assault 1ifle posi-WWIL Steel and lead core 7.02 7.0 730 2,000 Poor stability
(USSR)** steel jacket, M43 hall multiple hits
M16 assault rifle Lead core 5.56 35 980 1650 Fragmentation
(USA)** copper jacket, M193 multiple hits

Note: Representativevalues are shown: numerical quantitiesare rounded; ihe bullets from WW1 and post-WW1 periods are spitzers exceptthose tired hy the ACP M1911
and the PPSh. which have the characteristic round-nos design of pistol ammunition.

*La Garde.L. A. 1916, Guashot Injuries 2d revised edition. New York: William Wood and Company.
** Hogg, 1. V. and Weeks. J. 1985. Military Smali Ams of the 20th Censury. Sthed. Northfield, 1. DBI Bods. Inc.
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TABLE 4-2

CHARACTERISTICS OF PROJECTILESFROM EXPLOSIVE MUNITIONS

Projectile Characteristics

Kinetic
s Mass*** Velocity ¥ Energy Important
Weapons and Projectiles (2) (m/s) (J) Features
Muzzle-loading cannon; 5,450 -300 260,000 Massive crush
French 12-pounder cannonball; solid lead*
Spherical case shot; lead ball shrapnel** 60 -200 at100 m 400 Deformation
High-cxplosive shell projectile; 30 -1,100at 200 ft 18,000 Catastrophic injury
irregular iron or steel fragments
with differenr mass
4 -500at 200 ft 550
0.3 -690at 30 ft 70 Most common size
Fléchettes 15 -400 at 200 m 140 Multiple hits
Modem Claymore mines; steel ball shrapnel** 0.6 -700at 50 m 150 Multiple hits

*Not an explosive munition, but included for purposes of comparison.

**Strictly defined, shrapnel means preformed tragments (the

already made within the explosive munition). Thus, fragments

from a random-fragmentatioti shell are not shrapnel. Also note that by strict definition, fléchestes are shrapnel.

***Representative values.

K3

'Velocity of the fragments at the time of detonation from the explosive munition at a defined distance from the weapon. The values
represent velocity at stated distance, if given, or maximum velocity of the projectile.

Sources:
Douglas. H. 1860.A rreatise
(cannonbal)

Beyer, J. C., cd. 1962. Wound ballistics. Washington, D.C.: Officc of the
(spherical case shot and high-explosive)

Explosive Ordnance Disposal Group. Quantico Marine Corps Base, VA
(Claymoremines; flethettes)

thetical circle that includes the ogive as an arc. Thus,
when abullet has an ogive of 7, the curved portion of
its nose forms an arc o a circle with a radius seven
times the projectile's caliber (Figure 4-1). The round-
nosed jacketed bullets that were introduced at the end
of the nineteenth century had ogives of 1.5-2.0. The
spitzer bullets that followed had ogives of 6-7.
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Department of the Army.

Cross-Sectional Area. Another index of shape is
the projectile’s maximum cross-sectionalarea perpen-
dicular toitsline of flight (A). Complicating the role of
shape as a physical parameter, a projectile not sym-
metrical in the three dimensions of space will present
differingcross-sectional areasas it wobblesaround its
asymmetric axes. A sphere, since it has perfect sym-
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Fig.4-1. Calculationof ogive. The nose of the bullet formsan
arc of a circle. The radius of this circle is expressed as the
number of calibers (inthisexample, 7) that equal the absolute
length of the radius.

metry, and chunky fragments that are nearly sym-
metrical cannot present different cross-sectional areas
asthey move alongtheir trajectories. Butan elongated
cylinder such as a bullet, which is symmetrical only
around its long axis, can tumble (that is, flipend-over-
end)around its center of mass. Itscross-sectional area
will not be constant because, at least part of the time, a
tumbling bullet’sside (ratherthan its nose orbase) will
be perpendicular to the line of flight.

Sectional Density. Dividing a projectile’smass by
its cross-sectional area (thatis, M/ A) yields a param-
eterknown asthe sectional (orfrontal) density. A long,
narrow fléchette, because it has a tiny cross-sectional
area, hasahigh sectional density compared toa sphere
or an irregular chunky fragment.

Velocity

Velocity isusually considered tobe the single most
important property of a projectile. This may be true in
theory. Inpractice, however, the velocity of a projectile
as it hits its target is usually not known because its
velocity decreases as a projectile travels along its tra-
jectory. Because a bullet’s impact velocity usually is
estimated from the small arm’s published muzzle
velocity, the estimate requires knowledge of the dis-
tance from the weapon to the target. The impact
velocity of a projectile from an explosive munition is
even more difficult to quantify. While accurate mea-
surements of a bullet’s velocity—as a function of
downrange distance —can be made in the laboratory
using electronic timers (chronometers), measuring a
fragment’s velocity requires sophisticated photo-optic
techniques, which areavailable in only a fewweapons-
research institutes.

The Physics and Biophysics of Wound Ballistics

Most impact velocitics range bctween 80 m/s
(about 250 fps), the minimum velocity required for a
round or pointed projectile to penetrate human skin,
and 1,500m/s (about4,900 fps), the highest velocity at
which a projectile froman explosive munition is likely
to wound a casualty who will not have been killed by
proximity to the blast.

Projectilesare customarily described as “low-" or
"high-velocity,” but the actual corresponding speeds
have not been well defined. This textbook arbitrarily
defines low velocity as slower than the speed uf sound
inair (thatis, 334 m/sor 1,100 fps) and ultrahigh velocity
as the speed of sound in soft tissue (thatis, 1,500m/s
or 4,900 fps). (Projectileswith ultrahigh velocities are
uncommon on a battlefield.) Since the first observa-
tions of “explosive” wounds occurred when “high-
velocity” bullets were fielded in the mid-nineteenth
century, itseemsreasonable to connect the two. There-
fore, this textbook defines high velocity as that at which
explosive effects begin to be commonly seen (that is,
600-700 m/s, or 2,000-2,300 fps). Velocities between
1,100 fps and 2,000 fps are known as intermediate or
medium. The velocity of a typical musket ball that
I lunter described in the eighteenth century as "great”
(that is, 180 m/s) was actually low velocity by our
definition (Table4-1). Rifles firing high-velocity bul-
lets have been the norm since the end of the nineteenth
century, and velocity has barely increased since the
early twentieth century. The velocity of the M193 ball
fired by the M16 rifle of 1965is only about 10% greater
than that of the 1910spitzer bullets.

Table 4-1 lists the muzzle velocities of some com-
mon bullets. Because bullets are streamlined, they
maintain their velocities far better than projectiles
from explosive munitions do, with the exception of
flechettes (Figure 4-2).

Kinetic Energy

Energy is the ability to do work, and any physical
body that moves has an ability to exert force and to do
work —simply by virtue of its motion—called kinetic
energy (KE). Thisderived parameter, measured now in
joules (3) but formerly in foot-pounds, can be calculated
when the projectile’s properties of mass and velocity
are known:

Wa

2

KE =

Since velocity V enters the equation raised to the
second power, changes in a projectile’s velocity cause
greater changes in its kineticenergy than dochanges in
the projectile’s mass M. The dominant features of
military smallarms bullet-design during the past two
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Fig.4-2. Thedecrementsin velocity (brokenlines)and kinetic energy (solidlines) for a typical *"‘chunky"*fragment(opencircle
and triangle) and a 7.62-mmbullet (closed circle and triangle)in air. The fragmentis assumed to weigh 3 g and the mass of
the bullet is 9.75g. For purposes of illustration, the initial velocities of both projectilesis taken as 862 m/s. The decrements
in velocity and kinetic energy are much greater in the unstreamlined fragment than in the streamlined bullet.

Source: Reference 7.

centuries were (a) reducing the bullet's mass and (b)
increasing its velocity, which consequently increased
its Kinetic energy. For example, a typical musket ball
used in 1850 had a kinetic energy uf about 1,665], while
one of the most important riflesused in World War 11,
the American M1, fired a bullet that had a muzzle-
kinetic energy of 3,600 J. Only since World War II has
reducing projectile mass outstripped increasing veloc-
ity, resulting inaconsequent fallin kineticenergy: The
M193 ball fired by the M16A1 rifle had a muzzle-
kinetic energy of only 1,650J.

Aswith high velocity, we can speak of high kinetic
energy. As was true of velocity, a projectile's kinetic
energy at impact depends upon the target's distance
from the muzzle or the site of detonation. The kinetic
energy of an irregularly shaped fragment degrades
faster than does the kinetic energy of a streamlined
bullet (Figure 4-2).

Drag
A medium, whether air, water, or human tissue,

hinders orresists a projectileas it passes through. This
resistance is called arag, which degrades both velocity
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and kinetic energy (Figure 4-2), and is an important
determinant of the magnitude of ballistic injury.

Drag depends upon the properties of both the

projectile and the medium it passes thruugh. As a
projectile penetrates, the medium in its path is split
apart and displaced to the side. The medium's split-
ting and displacement both create drag, and their net
effect slows and may ultimately stop the projectile.

Displacement of the medium isthe most important

sourceof dragasa projectilemovesthroughair. As the
gas molecules in air are displaced, drag arises from
three sources (the sources of drag are much more
complicated when a projectile passes through tissue):

e Air is compressed at the tip of the projectile,
forming a region of high pressure. This is
by far the most important source of drag for
a projectile moving through air at velocities
greater than the speed of sound.

e Turbulence occurs at the base of the projectile
as the displaced air returns to its original
position.

* Friction occurs as air slides around the body
of the projectile. This s the least important
source of drag.



The mathemnatical expression for the drag that
occurs when a projectile passes through a fluid is:

Drag = 1/2[(CD) (d) (A) (V)]

where CDisthe proportionality constantknown as the
coefficient of drag, d is the density of the target me-
dium,Aisthe projectile’scross-sectional area,and Vits
velocity.

Thedrag equationindicates that, if allother factors
remain the same, changing the density of the medium
from that of air to that of water (1.00g/
cm?) will result in a thousandfold increase in drag.
Similarly, increasing the cross-sectional area of the
projectile (for example, as when a deforming bullet
suchasadumdum hitsa solid target, or when a bullet
tumbles) will increase drag. Because velocity is raised
to the second power in the equation, doubling the
projectile’svelocity increases drag fourfold.

All other factors, such asthe coefficientof dragand
the shape, being the same, drag is much greater with
high- than with low-velocity projectiles. For example,
high-velocity rifle bullets slow more rapidly than do
similarly shaped pistol bullets.

Thedragequation omitsa factor for the splitting of
the medium, a phenomenon that depends upon the
medium’smaterial strength. Because of this omission,
the increase in drag that occurs when a projectile
passes from air into human soft tissue will be much
greater than a prediction based simply on the change
in density (from 0.001 g/cm® in air to 1.05g/cm’ in
muscle). This factorisunknown and is one of the areas
that requires the attention of sophisticated ballistics
researchers.

When drag is treated mathematically as the force
of retardation, it is usually normalized for projectile
mass (thatis, drag/mass) and can be expressed:

[(CD) (d) (V2) (A/M) ]

or, by transposition:

(CD) (d) (V*)
M/A

However, a projectile’s sectional density (M /A) is
an important determinant of drag: the higher the
sectional density, the lower the drag. The velocity of a
heavy, narrow projectile (suchasalong penetrator rod
made of tungsten) will degrade less rapidly than the
velocity of a lightweight, large projectile (such as an
artillery rocket) will.

Projectilesundergo an enormous force of retardation

The Physics and Biophysics of Wound Ballistics

when they cause ballistic injuries. When traveling
point-forward through air, a bullet with a velocity of
about 2,000 fps will be retarded by a force of about
one newton (N, the force that imparts to a mass of 1
kg an acceleration of 1m/s?, which is equivalent to
about 3 psi. Forces measuring tens of thousands of
newtons develop during maximum retardation in a

tissue simulant such as gelatin or in soft tissue.’,’

Coefficient uf Drag

The coefficient of drag (CD)dependsupon a com-
bination of (a) theratio of the projectile’s velncity tnthe
speed of sound in the medium through which the
projectile is traveling, (b) the shape of the projectile,
and (c) the viscoelastic properties of that medium.

While a projectile’s shape is the most important
determinantof the coefficientdf drag, forthe data tobe
interpreted correctly, the velocity at the time the mea-
surement was made must alsobe known. A projectile’s
CD is not constant for a given shape, because it de-
pends upon the ratio of the velocity of the projectile
(Vp) to the velocity of sound in the medium (Vs), that
is, Vp/Vs. Thisratio isknown asthe Mach number. By
definition, a Mach number less than 1is subsonic, and
greater than 1issupersonic. When the Mach number is
0.6-0.7 or less, CD is relatively constant, but as the
Mach number increases from 0.8-1.2 (the transonic
region), a three- to fourfold increase in CD, and there-
forein drag, occurs. Asthe Mach number approaches
2.0, CD falls again, but is always higher than itwas in
the subsonic region. At very low velocity (that is, less
than 1001/'s), the coeflicient of drag increases greatly,
but because the velocity is so low, the increase in the
absolute magnitude of drag is probably of little conse-
quence.’ Although projectilesmay travel at supersonic
speeds through air, they rarely exceed the speed of
sound characteristic of the target tissue (except lung)
while they are penetrating it.

Irregular fragments have very high CDs (thatis, a
value greater than 2.0). Around-nose bullet of the type
that was introduced in the 1890shas a CD (inair, in the
subsonic region) of about 0.9. The spitzer bullet that
was introduced 10years later had a CD (in air, in the
subsonic region) of 0.4. The difference between the
two CD values appears to be small, but the superior
aerodynamic property of a pointed bullet compared to
around-nose bullet isthat a spitzer’s CD increases less
rapidly in the supersonic and transonic regions.

The viscoelastic properties of the medium are the
third (and least important) determinant of CD. When
balls are fired into various media at subsonic speeds
(thatis, the velocity of sound in the medium is greater
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than the velocity of the projectile through the me-
dium), although the CDs of the media do vary,“ the
varianceisnotgreat: inwater,the CDis0.30; ingelatin
(20%)at20° C, 0.35; in swine skeletal muscle,0.45; and
in swine skin, the CD is 0.53. While precise CDs for
human tissue have not been determined, they prob-
ably do not differ significantly from these.

The CD is difficult to measure. Until recently, a
bullet’s aerodynamic performance (that is, its decelera-
tion as a function of its velocity) was estimated by
dividing the experimentally determined drag of a
bullet of standardized shape by a constant known as
the ballistic coefficient, which is directly related to both
that bullet’s sectional density and its ogive. Thus, a
heavy, narrow, spitzer bullet has a high ballistic coef-
ficient and therefore low drag compared to the stan-
dardized bullet. Currently, the ballistic coefficient is
most frequently used to evaluate handgun bullets.
The ballistic coefficientand the coefficientof drag give
information that appears to be similar, but the param-
eters are quite different and should not be confused.’

Stability

A projectile that maintains a constant cross-sec-
tional area perpendicular to its line of flight is said to
be stable. It has minimal drag compared to a projectile
that is unstable and therefore tumbling (thatis, it flips
over inthe plane parallel to its line of flight). Unstable
projectileslack both rangeand accuracyand have little
military value. An elongated cylindrical projectilelike
a bullet is inherently unstable, but it can be stabilized
by being spun around its long axis, which imparts
gyruscupic stubility. The factors that render an unspun
bullet unstable demonstrate this phenomenon.

The Center of Pressure. The hypothetical unspun
bullet in Figure 4-3 is shown with its line of flight and
long axisexactly coinciding. Asair resists the forward
motion of the bullet, anarea of high pressure develops
near the bullet’snose. The airflow from the nose back
around the bullet is symmetrical because (a)the bullet
is symmetrical and (b) the bullet’s line of flightand its
long axis coincide. The force retarding the bullet’s
forward motion (thatis,drag)therefore actssymmetri-
cally on the bullet, and can be imagined to be located
at a site known as the center of pressure (CP). In the
hypothetical example shown in Figure 4-3, the center
of pressure lies on both the line of flight and the long
axis. In this instance, the sole effect of the center of
pressure is to retard the forward motion of the bullet.

Tumbling. An unspun bullet is unstable because
the slightest separation of its line of flightand its long
axis—as a gust of wind might cause—will cause the
area ofhigh pressure atthe bullet’snose tomove to one
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side. Theairflowwill no longerbe symmetricalaround
the long axis, creating unequal air pressuresaboveand
belowthe bullet, generating lift. Theforceactingat the
center of pressure will separate into two vectors (Fig-
ure 4-4): (a) drag, which continues to retard the for-
ward motion of the bullet and (b) the new lift force,
which attemptsto flip the bullet over around its center
of mass. A perpetuating cycle develops: the greater
the separation of the long axisand the line of flight, the
greater the lift force; the greater the lift force, the more
the long axis and the line of flight will be separated,
until the bullet turns over or tumbles. Theoretically,
once tumbling begins it will continue because the
center of pressure, which remains near the projectile’s
leading edge, will always be located ahead of the
center of mass. More commonly, though, as a bullet
slows in tissue, it only tumbles once, then progresses
base-forward.

Gyroscopic Stabilization. Even a minor distur-
bance can cause any unspun projectileto tumble if its
center of pressure is located ahead of itscenter of mass.
But a minor disturbance affectsa spinning projectile
differently. The separationof the projectile’s long axis
and line of flightgenerates lift, but rather than causing
the projectileto tumble, the lift force interactswith the
spin to produce an angular force or torque, which dis-
places the long axis of the projectile perpendicular to
theline of flight. Because the long axisand line of flight
are separated, lift continues to be generated as the
projectile moves forward through air. Lift and spin
continue toact together to produce atorque that effects
a continuous displacement of the projectile’s long axis
inthe plane perpendiculartoitsline of flight. Thus, the
projectile’slong axis rotates around the line of flight,
describing a cone. Viewed head-on (Figure 4-5), the
projectile’s nose rotates around its center of mass, in
the same direction as the spin.

Precession and Yaw. This rotation around its
center of mass is known as precession; the angle that the
long axisdeviatesfrom the line of flightis known as the
angle of yaw (Figure4-6). In a spinning bullet, preces-
sion is the response to a disturbance that in an unspun
bullet would cause tumbling. But gyroscopic stabili-
zation does more than simply prevent tumbling. If
precession occursover alongenoughtime, the angle of
yaw will nearly disappear (thatis, the bullet’slong axis
and its line of flight will again converge). This aspect
of gyroscopic stabilization depends upon the fact that
air resistance acting near the bullet’s base creates a
torque that pushes the portion of the bullet behind the
center of mass back toward the line of flight. As
precession is damped by air resistance, the angle of
yaw becomessmaller. Sinceabullet’sdrag is approxi-
mately proportional to the square of its angle of yaw,
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axis; of projectiler = line: of flight

Fig. 4-3. The forces that act on a projectile moving with both it5 lung axis and line of flight coinciding (yellow lines). Air
resistance createsa force (lightblue line)that actsthrough the center of pressure (CP) to retard the forward motion of the center
ofmass (CM). Since this force acts along both the line of flight and the long axis, its sole effect is to create drag.

axis of; the
projectile

Fig.4-4. The forcesacting on an unspun, moving projectile that has been disturbed. The long axis no longer coincides with
the line of flight (yellowlines). The force arising from air resistance acting at the center of pressure (CP) decomposes into two
force vectors. One force acts parallel to the line of flight; this force—drag — retards the forward motion of the center of mass
(CM). The the to flip the projectile over around its CM.
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Fig. 4-5. In a spinning projectile, the forcesassociated with spin and lift interact to create a new force, or torque, which makes
the nose of the projectilerevolve around the center of mass in a plane perpendicular to the line of flight. This motion is known
as precession.

axis of the
projectile

anglesorsya,

line of fligh

Fig.4-6. The angle Letween the long axis of the projectile and the line uf flight is known as the angle of yaw.
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agyroscopically stabilized bullet, since it has asmaller
angle of yaw, will maintain its velocityand improve its
long-distance performance. (The actual motion of a
spunprojectile iscomplex and involves more than just
precession. Interested readers can find a more,com-
prehensive treatment of the subjectin manuals suchas
Farrar and Leeming’sMilitary Ballistics.)

The Stability Equation. The factors that deter-
mine gyroscopic stabilization can be described math-
ematically. Stability is proportional to:

(rateof spin)2

(d) (the distance between CM and CP) (v ?)

where d is the density of the medium and V is the
projectile’s velocity. For a given rate of spin, the
equation indicates that the larger the factors in the
denominator, the more likely a given disturbance will
destabilizea projectile. The density of the mediumand
the distance separating the centers of mass (CM) and
pressure (CP) are especially important.

Bullets have poor stability in tissue. In passing
from air to soft tissue, the density of the medium
increases from 0.001 g/cm’® to 1.05g/cm®. Even if all
other factors remained unchanged, in order to obtain
the same degree of stability in soft tissue as in air, a
bullet would need to be spun about thirty-two times
faster —a practical impossibility.

A short distance separating the centers of mass
and pressure is crucial to a bullet’s stability. The
pointed bullets that were introduced early in the
twentieth century becamemore unstable thanthe earlier
round-nose bullets, because a pointed bullet’s center
of mass (located toward the base near the bullet’s
geometric center) was much farther from its center of
pressure (located in the tip) than was a round-nose
bullet’s. Bullets fired from handguns tend to be more
stable than rifle bullets; because handgun bullets are
shorter, the separation between their centers of pres-
sure and mass is smaller.

All other factors being equal, the faster a projectile
spins, the slower will be the rate of precession, the
more acute will be the angle of yaw, and the quicker
will its long axis and line of flight realign. Stability is
relative; a sufficiently powerful disturbance will make
any bullet tumble.

Rifling. The spiral grooves onthe inside of a rifled
barrel force a bullet to spin around its long axis as it
travels the length of the barrel. The rate of spin that a
rifle barrel imparts is determined by the weapon’s
design, and for a typical rifle bullet is several hundred
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thousand revolutions per minute Although an im-
pressive figure, the bullet’s angular velocity (that is,
the velocity characteristic of a rotating object)is much
less than its linear velocity; a value of about 250 fps is
common. Thenumber of spiralsand their twist (thatis,
the number of caliber lengths required for the bullet to
make a complete revolution) are unique for each rifle
and the bullet it is designed to fire. For example, the
M16A1wasdesignedwitha twist of55(12inches). The
newer version, the M16A2, has a twist of 32 (7inches).
The bullet that the M16A2 M855) is longer
than the bullet that its predecessor fires, and therefore
it requires a faster twist to obtain the same degree of
stability. Because the bullet is longer, its centers of
mass and pressure are farther apart, and it is more
likelytobecome unstable. Thestability equation shows
that, other factors remaining the same, the longer the
bullet (and thus the greater the separation between the
centers of mass and pressure), the faster the spin
required for a given degree of stability. Although the
M16A1 rifle can fire M855 rounds, the bullets will not
be optimally spin-stabilized and therefore will be un-
usually prone to yaw and tumble.

Internal and External

aBullet’s Stability. While evenwind gusts and tran-
sient encounters with leaves may disturb a bullet’s
trajectory somuch that it precesses, bullets commonly
display marked yaw as they are propelled out of the
muzzle of a small arm. Factors that are likely to
destabilize a bullet include:

o Imperfections in the bullet and damage it
sustains as it passes down the barrel can
cause the center of mass to lie outside the
bullet’s long axis

e The bullet can actually tilt within a badly
worn barrel and already be yawing signifi-
cantly when it leaves the muzzle

e Thebarrel can vibrate and hit the bullet as it
exits, causing it to yaw

¢ Rapidly moving gases exiting from the
muzzlecan strike the base of the bullet
downrange and deflect it from its line of
flight®

Downrange 30—40 m, the interaction of the bullet’s

spinand air resistance will have dampened precession
and markedly decreased the angle of yaw. But when
a projectile passes from one medium to another of
different density, (that is, from air to soft tissue), it
becomes less stable. A soldier who is shot from closer
than 30 m will probably be hit by a bullet that yaws
significantly, and any preexisting yaw will greatly
increase when the bullet penetrates tissue. Experi-
mental evidenceshowsthat the angle of yaw of abullet
may increase from 1”-2”in air to 180”in tissue.’
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Fin Stabilization. Not all projcctilcs of military
importance have to be spun to be stable. Bombs,
rockets, and more recently, flkchettes, are inherently
stablebecause they have fins. Likearrows, the tail fins
of flechettes have a huge surface area. Their center of
pressure is displaced to the rear behind the center of
mass, which is located near the tip. Whenflechettes are
propelled point-forward they cannot tumble in air,
and they make tiny wounds of entrance and exit. But
when they are packed fin-forward into their canisters,
as some American munitions manufacturers pack
them, the flkchettesmust tumble—toreposition them-
selves so that the center of mass is near the leading

cdgc and the center of pressurc is at —bcfore
they can become aerodynamically stable.

But fin-stabilized projectiles are the exceptions.
Military projectiles characteristically behave like the
rifle bullet shown in Figure 4-7, displaying marked
precession and yaw after emerging from the muzzle.
Gyroscopicstabilizationgradually realigns the bullet's
long axis with its line of flight; as the bullet nears its
target, its angle of yaw will have decreased to only 1°-
2". When the bullet penetrates the much denser target,
it destabilizes; itsangle of yaw increasesrapidly to 90°
and the bullet tumbles.

Fig.4-7. The idealized behavior of many rifle bullets. The bullet emergesfrom the rifle muzzle with a significantangle of yaw.
Gyroscopic stabilization gradually aligns the long axis of the bullet and the line of flight. After travelling about 100 m
downrange, the angle of yaw has become very small. When the bullet enters the much more dense target tissue, it rapidly
destabilizes. The angle of yaw increases until the bullet tumbles.
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