
JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 35, No. 3, May–June 1998

Fin Damage and Mass Offset for Kinetic Energy
Projectile Spin/Pitch Lock-In

Ameer G. Mikhail
U.S. Army Research Laboratory, Aberdeen Proving Ground, Maryland 21005-5066

A study and a general model for the roll/pitch frequency lock-in phenomenonare made for long antitank kinetic
energy projectiles and missiles in general to quantify the necessary projectile damage/defect required to cause the
lock-in. Fin damage and body mass offset are modeled as the forcing forces and moments (asymmetries) causing
the lock-in. Idealized � n damage is modeled.The corresponding pitch, side-slip, and roll equations are numerically
integrated. The nonlinear induced roll moment is essential in coupling the pitching/yawing motions with that of
the roll motion. A speci� c and complete projectile case study is presented, in which quanti� ed � n damage and
rod mass offset are found to cause such lock-in. Computed � ight motion history (pitch, side slip, and roll) and the
yaw ampli� cation factor provide insight into this lock-in behavior. The model is general and can be applied to any
� nned projectile or missile.

Nomenclature
Ad = damaged area of a � n panel, in.2

A f = area for one single � n panel, in.2

Aref = reference area d2 4 , in.2

CD = drag coef� cient, drag force 0 5 V 2 Aref

Cl = rolling moment coef� cient, l q Arefd )
Cli = induced roll moment coef� cient; Eq. (1)
Clp = roll moment damping coef� cient derivative,

Cl pd V , per radian
Cl = � n produced roll moment coef� cient derivative,

Cl , per radian
CM = pitching moment coef� cient, pitching

moment (about the mass center)/(q Arefd )
CM p = Magnus moment slope coef� cient, Magnus

moment/ q Arefd pd V
CMq CM = pitch moment damping coef� cient, pitch damping

moment/ q Arefd qd V )
CM = pitching moment slope coef� cient, CM ,

per radian
CM0 = asymmetry pitching moment coef� cient
CN = normal force coef� cient, normal force q Aref

CN = normal force slope coef� cient, CN ,
per radian

d = projectile reference diameter, in.
Ix = axial (polar) moment of inertia about the body

spin axis, lb-in.2

Iy = transverse moment of inertia about an axis
passing through the body center of mass, lb-in.2

L = total length of the projectile, in.
l = roll moment, lb-in.
M = Mach number of the projectile
m = mass of projectile
n = number of � ns in a � n set
nd = number of damaged � ns in a � n set
p = spin rate of projectile, rad/s (except where

otherwise noted in Hz)
q = local pitching rate, rad/s
q = dynamic pressure (0.5 V 2 ), psi
V = projectile velocity, ft/s

= body pitching angle of attack, deg
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= d dt
t = total angle of attack (yaw) ( 2 2 ), deg

= body side-slip angle of attack, deg
= initial angle of mass offset location, deg
= � n plane roll orientation angle with respect to the

plane of angle of attack, deg
cg = mass offset radial distance from body center, in.
t = time step for numerical integration, s
1 2 3 = � n damage parameters: deg, deg, and in.,

respectively
d = design value of the � n cant angle, deg
dg = value of the � n cant damage angle, deg
eq = equivalent � n cant angle for a whole � n panel for

the partially canted (chamfered) � n, deg
1 2 3 = angles of the damaged area of the � n panel, deg

= angle of the CM0 asymmetry moment, deg
= air density, slug/ft3

= roll angle, measured from a � xed reference plane,
rad

= roll (spin) rate, d dt , rad/s (except otherwise
noted in Hz)

= 0

= pitching motion plane, measured from same
reference plane, tan 1

0 = initial roll angle, measured from same reference
plane

n = � rst natural frequency in lateral bending, rad/s
p = pitching motion frequency, CM q Arefd I y ,

rad/s

Introduction

L ONG antitankkinetic energy(KE) projectilesand also missiles
are known to occasionally exhibit an abnormal � ight behavior

characterized by 1) spinning at a different rate than their intended
design values and 2) having larger-than-expected yawing motion
angles.In a fewcases, thisbehaviorcanbe catastrophicto themotion
and mission of the vehicle,causingineffectivearmor penetrationfor
the KE projectile case or uncontrollable � ight for the missile case.
Note that the projectile � ight duration is only 1–3 s.

When these two observations occur, it is most likely that a
roll/pitching motion lock-in had occurred where the vehicle was
unintentionally spun, due to damaged � ns or some other reasons,
close to the pitching motion frequency of the vehicle. These � n
damages are usually referred to in the literature as asymmetries that
are suffered by the vehicle. Figure 1 shows a � n impact imprint
indicating damaged parts of two � ns,1 bent by angles in excess of
30 deg, and a KE projectile impact imprint2 at 10,000 ft indicating
large yaw angle, estimated here at about 8.8 deg.
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Fig. 1 Observed damaged � ns and large yaw for a generic KE projec-
tile; dimensions in caliber.

Fig. 2 Geometry of the 120-mm M829 subcaliber KE projectile.

Fig. 3 Design spin (undamaged � ns) falling between the two limiting
frequencies; 120-mm M829 KE projectile (steel).

This roll/pitch lock-in phenomenonis not new and has been stud-
ied by many researchers since the late 1940s. Nicolaides3 provided
an early analysis whereas Price4 provided a useful and practical
model for the mechanisms causing the phenomenon. Clare5 6 pro-
vided the effect of nonlinearitieson such motion. Murphy7 included
the asymmetries in his formulation and later showed8 that lock-in
can happen at a reverse spin rate. More recently, Lin et al.9 studied
this problemfor a re-entryvehicle (with no � ns) and consideredlon-
gitudinal body curvature due to � exure as part of the total angle of
attack, in a zeroth-ordermodel for � exure effects. For earlier stud-
ies, the reader is referred to Refs. 4, 5, 8, and 9, which together list
about 186 references covering this lock-in behavior and its model
development over the years.

The design spin for a KE projectileor a missile has to avoidbeing
close to the natural pitching motion frequency or to the � rst natu-
ral lateral bending frequency of the vehicle. For the KE projectile
shown in Fig. 2, the former is about24 Hz (decreasesfrom 25 to 23),
whereas the latter (for the steel model herein) is about 385 Hz. The
design spin for that projectile is 90 Hz, as shown in Fig. 3. Certain
� n damage can cause the projectile to underspin its design value
to near its pitching frequency, as shown in Fig. 4. These particular

Fig. 4 Spin cases studied near the pitching frequency (undamaged
� ns); 120-mm M829 KE projectile (steel).

spin values near this pitching motion frequency will be studied in
detail later in this work. In Ref. 10, the spin lock-in with the upper
frequencylimit (the � rst bendingfrequency) due to structuralcauses
was studied and reported. In the present lock-in phenomenon, the
mechanisms for causes are dynamic-motion related to the pitching
and side-slip angles coupled to a lower roll rate due to � n dam-
age. The present study deals with the lock-in at this lower limit,
its implication, and the motion instability ampli� cation it induces.
Reference 11 provides results for pitch lock-in with rod � exure,
but gives no details about the exact formulation, equations, or roll
information, including any induced roll moment.

Usually, roll implies a low spin value. Historically it came from
the aeronautical reference to aircraft roll rate. Spin, however, indi-
cates high value of roll. Commercial aircraft may roll only few de-
grees to bank, whereas a military aircraft may do few complete rolls
for maneuver.Missiles usually have low roll rate (1–5 Hz), whereas
� nnedprojectilesspin at 50–150 Hz and un� nnedprojectilesmay be
spun to over 300 Hz. In the presentwork, the spin/pitch lock-in will
be occasionallycalled roll/pitch lock-in, as it is frequently called in
the literature.

The present work adapts the work of Price4 to the formulation of
Ref. 7. Numerical solutions will be obtained for the three coupled
roll/pitch/side-slip equations. A case study will be made for the
120-mm M829 steel version of the projectile. Flight histories and
impact imprints will be presented under different � n damage and
mass offset values.

Analysis
De� nitions

Resonancebetween the roll and pitchingfrequenciesis de� ned as
when the former is affectedby the valueof latterwhen the two values
match each other. Roll lock-in is when the former frequencyattains
and maintains the value of the latter for long and persistent time
(1–3 s for KE projectiles, many seconds or minutes for a missile).
Vehicles can roll resonate when crossing the pitching frequencybut
may not lock-in to it. Vehicles that roll lock-in must resonate with
the pitch frequency. Lock-in is a persistent resonance for the � ight
duration of the vehicle. However, vehicles may temporarily lock-in
but then escape later, in what mightbe calleda prolongedresonance.

Yaw angle is the side-slip angle . The yawing motion is, there-
fore, the motion in the yaw plane of that angle. However, it is com-
mon in ballistics to refer to the total angle of attack as the yaw angle
and the total motion as the yawing motion. In the presentwork, yaw
will refer to the correct side-slip de� nition.

Induced Roll Moment
The induced roll moment Cli is generatedon a � nned vehicle due

to the cyclic � n loadingat differentangles of attack. Its magnitude is
functionof both the � n orientationangle during roll (with respect to
a reference plane) and with the total angle of attack. It is nonlinear
(sinusoidal) with the � n orientation angle and nonlinear with the
total angle of attack. Reference 4 only cites a case of wind-tunnel
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experimentof the Aerobee 150A soundingrocket,but the actual test
values themselves were provided in Ref. 5, which provides more
details about the analytic form of that coef� cient. Cli is de� ned as

Cli
induced roll moment

q Arefd sin n
(1)

Clare5 provides an analytic (� tted) form based on the experimen-
tal testing for the Aerobee rocket:

Cli 0 87 17 9 2
t t (2)

The same pattern of variation with t was also observed for the
“BASIC FINNER” projectileand is given in Ref. 12. It is interesting
to notice that both cases exhibit a negative value up to t 12 6
deg and then become rapidly positive. This measured behavior,was
neitherobservednor utilizedin Ref. 8, which uses a simplisticsixth-
order variation with t for a six-� n projectile con� guration.

Mechanisms for Lock-In
Reference 4 lists three main missile asymmetry categories that

can cause lock in. First is con� guration asymmetries, such as � n
cant manufacturingtolerance, � n damage during launch or in � ight,
or a bent nose, all of which result in a static trim angle. Also, rocket
thrust misalignment with the body axis is another example. Second
is the mass center location deviation from the body axis, which
provides coupling of the roll with the aerodynamic normal force of
the vehicle.Third is the aerodynamic–geometricinteractionssuchas
the � n rotation/angle-of-attack interaction causing the induced roll
moment described earlier. Elastic bodies that can bend or deform,
thus causinga change in the aerodynamicforces from their intended
design values, are a second example.

Formulation
Analysis of Price: Rolling Coordinates

Price4 adapted the equations developed earlier by Nielson for a
constant spin case, to accept varying spin rate cases. The equations
of Nielson for pitch and yaw angles were written in body-� xed
coordinates,i.e., rollingwith thebody itself.Price then addedthe roll
equation (with the induced roll moment). He also added the terms
for the effects of mass offset, moment asymmetry, and rocket thrust
misalignment to the three equations.The general nomenclatureand
coordinatesare shownin Fig.5.The rollmotionequationwas written
by Price as

Ix q Aref d [Cl Clp d V Cli sin n

cg d CN trim sin ] (3)

subject to the initial condition

0 at t 0 (4)

AMP
t

trim at zero spin

0 5 ArefdCM

Iy [ p f p s f s]
2

[ s p f f p s ]
2

Fig. 5 Nomenclature, coordinates, and angles (after Price4).

where

d

dt
p tan 1 bp p

1 p2 1 I x I y 2
p

b
q Aref

mV p
CN 1

Ix

Iy

md 2CMq

Iy

Also, is the phase angle, and is the � n orientation angle.

Nonrolling Coordinates
The analysisof Ref. 7 is almost standard in ballistics formulation.

It uses a ballistic coordinate system, i.e., axes are attached to the
c.g. of the body and move with it, but do not roll with the body.
Reference 7 has the standard form, which was expanded here in the

, , and time variables,modi� ed for the added asymmetry effects,
and rewritten in Price’s form:

A1 A2 B1 B2 C1 (5)

A1 A2 B1 B2 C2 (6)

where

A1
q Aref

mV
CL

md2

Iy
CMq CM

A2 p
Ix

Iy
B1

q Arefd

Iy
CM

B2
pq Aref

mV

CL Ix

Iy

md2

Iy
CM p

C1
q Arefd

Iy

CM0 cos C A
cg

d
cos

C2
q Arefd

Iy

CM0 sin C A
cg

d
sin

The angle is such that CM0z CM0 cos and CM0y CM0 sin .
The pitch angle is positive when the vehicle nose is up, whereas
CM (hence, CM ) is negative when it turns the nose tip down.

The roll equation [Eq. (3)] is modi� ed for the nonspinning axes
and rewritten after Price’s model as

Ix q Aref d [Cl Clp d V Cli sin n

cg d CN t sin ] (7)

where is the angle between the pitch plane and the � n orientation
plane.The velocityalong the trajectory,V , is numericallycomputed
using Newton’s equationalong the trajectory,the muzzle launch ve-
locity, and the drag coef� cient (which is functionof Mach number).
Also, the yaw angle ampli� cation factor (AMP) is expressed as13

where

p p V f
pIx 1

2Iy
s

pIx 1
2Iy

1
1
Sg

Sg
2I 2

x p2

Iy CM d3

f
Aref

4m
CN 1

1
0 5k2 1

1
CMq

k1CMp
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s
Aref

4m
CN 1

1
0 5k2 1

1
CMq

k1CMp

k1
md2

Ix

k2
md2

Iy

Fin Damage
In ballistics practice, damage to � ns may be observed on x-ray

or video � lms taken for projectilescoming out of the muzzle. Some
� n damage is only realized when yaw tests (using yaw cards) are
performed.However, � n damage cannot be predicted a priori. Most
� n damage occurs in the gun tube and before exiting the muzzle.
(Some damage due to aeroheatingmay occur during � ight.) Seldom
are the � ns recovered after each � ring to examine the damage. In
many cases � n damage could only be assumed, based on untypical
� ight performance such as large yaw angles at large ranges (3000–
10,000 ft for projectile applications) or a screen impact imprint
indicating rod bending or even missing or bent � ns. Unfortunately,
for those observed � ight abnormalities,no � n damage was expected
nor were the � ns recovered.Therefore, theoreticalstudies and mod-
els, like the present work, are used to explain the relation between
the abnormal � ight behavior, e.g., roll/pitch lock-in or roll/� exure
lock-in, and possible � n damage. A question is often posed about
how much and what type of � n damage it takes to cause such be-
havior, even if the damage itself cannot be prevented. The present
work sheds some light in that respect.Theoreticiansassign numeri-
cal values to asymmetries but they never relate these to real-life � n
damage and examine if those values were realistic.8

In the present study, � n damage is idealized into three types that
are most often observed from yaw card tests. Corresponding dam-
aged � n areas of 5% and 10% for a single � n panel bent at different
damage angles are studied as a practical example. The � n damage
cannot be just arbitrarily assumed in size and direction, but must be
made consistent to explain the loss in roll rate from its design value
as well. Therefore, only damages in a certain direction relative to
the � n cant angle and spin direction can be applied. Although other
� n angle damage directions obviously happen, they will not result
in lower roll and, thus, in this spin/pitch lock-in. In fact, Ref. 10
purposefully considered the reverse case only, i.e., only damage
that will overspin the projectile, to study the spin/� exure lock-in
behavior.Figure 6 shows the required � n damage direction to cause
a change in � n normal force and roll moment for an equivalent � n
panelcantedat eq . The projectileroll is positivewhen counterclock-
wise (looking forward from the tail), and eq is positive when it is
up in the directionof producingpositive roll. The static (nonrolling)
asymmetries CN and CM (CM0) can be positive or negative, de-
pending on the damage location and direction. Further details will
be discussed in the Case Study section.

Mass Offset
The projectile mass asymmetry is represented by the mass offset

radial distance cg. This offset, which always exist in real life
with different degree of severity, creates a rolling moment due to
the normal force, which acts on the geometric, not the mass center
point of the rod cross section.This offset also gives rise to a pitching

Fig. 6 Leading- and trailing-edge idealized � n damage.

and yawing moments due to the aerodynamicaxial force C A, as can
be seen in Fig. 5 and is re� ected in Eqs. (5) and (6).

A valueof cg 0 20d is extremely largeandhasbeenusedonly
as an applicationexample.Actual practicalvalues are of the order of
0.003–0.009d for projectile applications. For missile applications,
this offset is usually larger than those given for projectiles.

Case Study
Calculationswere performed to simulate the case of a subcaliber

projectile that has an L d of 22.72, as given in Fig. 2. The aero-
dynamic coef� cients were obtained from the U.S. Army Ballistic
Research Laboratory enclosed transonic range test database. In the
enclosed range the tests are made on steel models rather than on
the actual rounds for safety considerations.Therefore, simulations
were also made for that particular case. The relevant information
regarding this con� guration is given in Table 1.

Computations were performed for 23 cases with four different
steady-state spin values, covering the spectra of above/at/below the
pitchingfrequencycase.The pitchingfrequencywas 25Hz at launch
(M 5) and drops to 23 Hz at Mach 4.0 (or about t 0 9 s). The
differentsteady-statespin cases were consideredto re� ect the effect
of damaged � ns. The actual equivalent � n cant angle for the pro-
jectile is 0.55 deg, resulting in a steady-state spin of 90 Hz. Table 2
provides the � n cant angle values applied to simulate damaged � ns
and the corresponding steady-state spin values. These chosen spin
values were selected so as to provide insight about resonance be-
havior near and through the pitching frequency p .

For quanti� ed � n damage, three idealizedtypes were modeled re-
� ecting leading-, trailing-, and tip-edge damage, as shown in Fig. 7

Table 1 Physical properties
of the projectile

Ref. diameter 1.06 in.
L d 22.72
Material Steel
Mass 4.281 lb
Ix 0.6956 lb-in.2

Iy 143.56 lb-in.2

Launch speed 5905.8 ft/s
Launch spin 0 Hz

Table 2 Equivalent � n cant and steady-state spin

Case Equivalent � n cant Cant angle as Steady-state
no. Fin status angle, deg fraction of d spin, Hz

I Undamaged 0.55 (1.0 d ) 90
IIa Damaged 0.22 (0.4 d ) 36
IIb Damaged 0.165 (0.3 d ) 27

(spin above p )
III Damaged 0.137 (0.25 d ) 22.5

(spin at p )
IV Damaged 0.11 (0.2 d ) 18

(spin below p )

Fig. 7 Three types of idealized � n damage.
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Table 3 Damaged � n areas and angles with their corresponding CN and CM

Uniform damage Equivalent damage Single � n damage parameters and forces

Resulting
to six � ns to a single � n Damage Damage Damage

reduced Initial Final dg , whole Damaged type I type II type III CM CM0 )

roll rate, eq , dg , eq , panel, area dg , 1 , 1, 2 , 2, 3 , 3, CN Damage type

Hz deg deg deg deg Ad A f deg deg deg deg deg in. deg CN 0 I II III

0.05 28 6 16 28 6 1.5 28 6 0.07h 28 636 0.55 0 33 0.22 1 43 0 094 0 97 0 78 0 93
0.10 14 3 30 14 3 3.0 14 3 0.16h 14 3
0.05 35 2 16 35 2 1.5 35 2 0.07h 35 2

27 0.55 0 385 0.165 1 76 0 116 1 20 0 96 1 15
0.10 17 6 30 17 6 3.0 17 6 0.16h 17 6
0.05 38 4 16 38 4 1.5 38 4 0.07h 38 4

22.5 0.55 0 412 0.138 1 92 0 126 1 31 1 04 1 250.10 19 2 30 19 2 3.0 19 2 0.16h 19 2
0.05 41 8 16 41 8 1.5 41 8 0.07h 41 818 0.55 0 44 0.11 2 09 0 137 1 42 1 14 1 36
0.10 20 9 30 20 9 3.0 20 9 0.16h 20 9

Table 4 Independent mass offset and asymmetry
moment values used

Mass offset, Corresponding trim
cg d CM0 angle for CM0, deg

0.0 0.0 0.0
0.001 0.061 0.1
0.004 0.122 0.2
0.01 0.305 0.5
0.04 0.428 0.7
0.08 0.489 0.8
0.10 0.916 1.5
0.12 1.222 2.0
0.20 2.444 4.0

Fig. 8 Quanti� ed � n area damage for types I, II, and III.

for the six-� n con� guration. The actual � n shown in Fig. 8 is mod-
eled by an equivalent� n wholly cantedat eq 0 55 deg. Represen-
tative damage area for the three types are also shown in Fig. 8. The
correspondingchange in normal force and CM were computed and
are presented in Table 3. An idealized equivalent uniform � n cant
angledamage for the six � ns is listed.A singlepanelwith a damaged
area equivalent bend angle is modeled to provide the same lower
spin rate that the six damaged � ns would have. The corresponding
change in the � n normal force CN and the correspondingchange
in CM , i.e., CM0 , were then computed. The corresponding values
for damages type I, II, and III are all listed in Table 3. The CN

of the � n set, including its body interference effect, was computed
by using the NSWC-AP95 fast design code.14 Linear aerodynamics
was used to provide engineering estimates for the � n damage an-
gles in association with the damaged � n panel areas. For example,
a 5% area � n damage bent at 8 deg would be equivalent to a 10%
� n area damage bent at 4 deg. Although this linearity may not be
valid for large angles,it simpli� es the procedure.More sophisticated
nonlinear models may obviously be devised.

Different independentvalues for the mass offset were used, rang-
ing between 0 0d and 0 20d . CM for the undamagedprojectilewas

35 at the launch speed. Values for CM0 varying between 0.0 and
2 444 (correspondingto 0.0- and 4 0-deg static trim angle) were

used.The exact valuesused for both parametersare listed in Table 4.

Computations
Computations were made by solving the three equations as an

initial value problem. The alpha and beta equations were solved si-
multaneously, followed by the roll equation. Small time steps were
used ( t 9 0 10 6 s). Three-point,central differences,second-
orderaccurate(in time) � nite differencingwas used,with recurrence
relationsrelatingthevariablevalueat then 1 time levelto theprevi-
ous n and n 1 time levels.Knowing the � rst two valuesat time zero
and at t using the initial conditions,one can then proceeddirectly.

The roll equation was solved as a � rst-order equation in , with
the initial condition given by Eq. (4). Equation (3) was written as

Ix n B B n n CC n 0 (8)

The solution was then computed as

n 1 n t
B B n n CC n

Ix

(9)

The roll equation is coupled to the pitch/yaw equations through
the induced roll moment term, which includes t and Cli .

Calculations were usually stopped at about t 0 9 s, which cor-
responds, for the case considered, to a distance of about 5578 ft
down from the gun muzzle. This correspondsto about 300,000 time
steps. A single case takes about 15 s on a Unix SGI minicomputer
(workstation).

Results
Becauseof the many parametersof the problem,one set of similar

conditions was applied so that the spin/pitch lock-in phenomenon
can be observed without changing the parameters. Later studies
may be made with these parameters as variables to discuss their
individual in� uences in detail.

The initial conditions, for example, were held the same for all
cases. The values t0 4 deg, t0 3 deg, t0 1 0 rad/s,
and t0 1 0 rad/s were used.15 The roll equationwas also solved
under zero initial values for both and . Any other values may
obviously be prescribed for other desired conditions.

Other parameters are the mass offset initial location angle and
the CM0 moment orientationangle . They were taken to be 30 and
70 deg, respectively.Reference 4 provides a discussionabout the
angle role in the lock-in. A list of cases computed in this study and
the correspondingvalues of the parametersused are provided in the
form of Table 5.

First, the caseof spinningabove p with steady-statespinof 36Hz
is presented.The case with no � n damage or asymmetrieswas com-
puted, and the typical - and -angle histories are given in Fig. 9,
both approaching zero values at about t 0 6 s, approximately.

Cases 2–10 were computed with varying cg but with zero CM0.
For the higher spin rate of 36 and 27 Hz, no lock in occurred with
the given values of cg, as shown in Figs. 10 and 11, respectively.
Although the value 0.20d is relatively large and is not expected in
practice, one must remember that no CM0 was applied here, which
is not the case in real life. However, as the steady-state spin due
to damage gets closer to the pitch frequency, such as for the cases
of 22.5 and 18 Hz, lock-in occurs with a smaller values of cg.
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Table 5 Cases computed and parameter values

Case Equivalent � n CM0 corresponding Lock-in
no. cant angle CM0 trim angle, deg cg d status

1 0.4 d 0.0 0.0 0.04 No lock
2 0.4 d 0.0 0.0 0.08 No lock
3 0.4 d 0.0 0.0 0.20 No lock
4 0.3 d 0.0 0.0 0.0 No lock
5 0.3 d 0.0 0.0 0.04 No lock
6 0.3 d 0.0 0.0 0.12 No lock
7 0.25 d 0.0 0.0 0.0 No lock
8 0.25 d 0.0 0.0 0.08 Lock-in
9 0.2 d 0.0 0.0 0.0 No lock
10 0.2 d 0.0 0.0 0.10 Lock-in

11 0.4 d 0.305 0.5 0.0 Lock-in
12 0.4 d 0.916 1.5 0.0 Lock-in
13 0.4 d 2.444 4.0 0.0 Lock-in
14 0.3 d 0.0 0.0 0.0 No lock
15 0.3 d 0.428 0.7 0.0 Lock-in
16 0.3 d 1.222 2.0 0.0 Lock-in
17 0.25 d 0.0 0.0 0.0 No lock
18 0.25 d 0.061 0.2 0.0 Lock-in
19 0.2 d 0.0 0.0 0.0 No lock
20 0.2 d 0.610 2.0 0.0 Lock-in

21 0.4 d 0.061 0.10 0.001 No lock
22 0.4 d 0.122 0.20 0.040 No lock
23 0.4 d 0.489 0.80 0.100 Lock-in

Fig. 9 Pitch and side-slip angles for no lock-in case: eq = 0 4 d , CM0
= 0 0, and cg = 0 0; for 120-mm M829 KE projectile (steel).

Fig. 10 Roll/pitch resonance and then escaping pitch lock-in: eq =
0 4 d , CM0 = 0.0, and increasing cg; for 120-mm M829 KE projectile
(steel).

Fig. 11 Roll/pitch resonance and then escaping pitch lock-in: eq =
0 3 d , CM0 = 0 0, and increasing cg; for 120-mm M829 KE projectile
(steel).

Fig. 12 Roll/pitch resonance and roll/pitch lock-in: eq = 0 2 d , CM0 =
0 0, and increasing cg; for 120-mm M829 KE projectile (steel).

Fig. 13 Roll/pitch lock-in: eq = 0 4 d , increasing CM0, and cg = 0 0;
for 120-mm M829 KE projectile (steel).

Figure 12 indicates the lock-in for the 18 Hz case after about 0.5 s
from launch.

Cases 11–20 examine the effect of increasing the value of CM0

without the mass offset in� uencebeingpresent.Figure 13 shows the
effectof increasingCM0 for the � n damage spin of 36 Hz. Interesting
to note that, for smaller � n damage, it takes longer time to lock-in,
whereas for larger damage lock-in occurs faster and with closer
value to the pitch frequency.The same behavior is shown in Fig. 14
for the � n damage of 27-Hz steady-state spin. Figure 15 shows the
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Fig. 14 Roll/pitch lock-in and no lock-in: eq = 0 3 d , increasing CM0,
and cg = 0 0; for 120-mm M829 KE projectile (steel).

Fig. 15 Roll resonance and roll/pitch lock-in: eq = 0 4 d , and increas-
ing both CM0 and cg; for 120-mm M829 KE projectile (steel).

Fig. 16 Yaw angle ampli� cation for roll/pitch lock-in: eq = 0 3 d , in-
creasing CM0 , and cg = 0.0; for 120-mm M829 KE projectile (steel).

yaw angle ampli� cation factor for this later case. The ampli� cation
factor is de� ned here as the computed trial angle of attack devided
by the initial total angle of attack. Ampli� cation factors of 1.2 and
3.6 are noticed for cases with � n damage, whereas attenuation to a
value of zero is noticed for the case with no � n damage.

In real-lifecases, usuallyboth asymmetriesand mass offsetoccur.
Cases 21–23 were computed showing increased values for both
parameters. Pitch resonance changes to pitch lock-in when both
parameters were increased as re� ected by cases 21–23 of Table 5
and shown in Fig. 16. Figure 16 shows the change from short-lived

Fig. 17 Pitch and side-slip angles for a case of very slightasymmetries:
eq = 0 4 d , CM0 = +0.061 , and cg = 0.001; for 120-mm M829 KE

projectile (steel).

Fig. 18 Pitch and side-slip angles for case of roll/pitch lock-in: eq =
0 4 d , CM0 = +0.916 , and cg = 0.0; for 120-mm M829 KE projectile
(steel).

Fig. 19 Predicted impact imprint of a case of roll/pitch lock-in: eq =
0 4 d , CM0 = +0.916 , and cg = 0.0; at x = 1189.73 m and t = .6935 s.

pitch resonance to full lock-in with p when the asymmetrydamage
increased.Figure 17 shows the - and -angle histories for case 21,
which re� ects very small asymmetries. The plot indicates almost
unaffected motion.

The expected impact imprint on cardboard yaw cards (or wire
mesh screens) used in measuring the yaw motion in practical
ballistics can now be constructed from the results computed.
Figure 18 presents the - and -angle histories for case 12 for lock-
in. Figure 19 shows the expected imprint for the lock-in case of
Fig. 18 at t 0 633 s, where and were computed to be
3.54 and 1.28 deg, respectively,with a total yaw angleof 3.76 deg.A
harshercase of lock-inwith a largerCM0 is shown in Figs. 20 and 21.
The and computed were 9.44 and 5.60 deg, respectively,
thus, yielding a total yaw angle of 11.97 deg at t 0 194 s.
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Fig. 20 Pitch and side-slip angles for a case of roll/pitch lock-in: eq =
0 3 d , CM0 = +1.222, and cg = 0.0; for 120-mm M829 KE projectile
(steel).

Fig. 21 Predicted impact imprint of a case of roll/pitch lock-in: eq =
0 3 d , CM0 = +1.222, and cg = 0.0; at x = 344.86 m and t = 0.1942 s.

Fig. 22 No lock-in case – plot: eq = 0 4 d, CM0 = 0.0, and cg =
0.0; for 120-mm M829 KE projectile (steel).

In the practice of ballistics, the – plot is usually monitored to
provideinsightinto the � ight.The threecasesofno lock-in,late lock-
in, and immediate lock-in are presented in Figs. 22–24. Figure 22
providesthe typicalKE � ight pattern with no asymmetryand, there-
fore, no lock-in.Figure 23 shows case 11, which locked in later in its
� ight, aswas also indicatedbycurve1 ofFig. 13.Figure24 shows the
case of a quick roll/pitch lock-inof case 23. As can be seen, all cases
started with the same initial conditionsof 3 deg and 4 deg.

Additional cases can now be routinely computed. Reference 4
provides a simple guideline for the expected values for both asym-
metry parameters for lock-in. These values may be used as � rst
estimate for the value of the parameter under which the vehicle
may lock-in. The exact value can then be determined by computing
the case with perturbations on these estimates and monitoring the
resulting spin history, and the – plot.

Fig. 23 Case with roll resonance and later roll/pitch lock-in – plot:
eq = 0 4 d , CM0 = +0.305, and cg = 0.0; for 120-mm M829 KE pro-

jectile (steel).

Fig. 24 Lock-in case – plot: eq = 0 4 d , CM0 = +0.489, and cg =
0.10d; for 120-mm M829 KE projectile (steel).

Conclusions
Trajectory cases for the given projectile of Fig. 2 were computed

for the 23 cases listed.Straightforwardapplicationof the model was
achieved with no dif� culties. The spin response was monitored for
all � n damage and mass offset cases. The very short time of the
computations enabled the running of many other cases, which are
not listedin this work, to examine the sensitivityof the spin response
to the magnitude of each of the mass offset and the � n damage and
the combination of them.

The following conclusions are supported by the results obtained
through the application of the present analysis and model.

1) Fin area damage, in certain size and direction, can cause the
lowering of the design steady-state spin to a value close to the ve-
hicle pitching motion frequency, thus creating the environment for
possible locking in to that frequency.

2) It does not take large � n damage to cause the low spin and,
therefore, providing the condition for possible locking in with the
pitching motion frequency. For the case studied for a six-� nner, a
single � n panel idealizedarea damage of 10% of the � n area, bent at
19.2 deg, was enough to lower the spin and also cause the lock-in.

3) The higher or lower the expected steady-state spin (due to
damage) differs from the pitching motion frequency, the larger the
mass offset is needed to cause lock-in, in absence of � n asymmetry
damage.

4) If the � n damage is less than that required to cause lock-in,
the spinningmotion will escape from being locked in but with some
resonance effect on the spin history.

5) In case of mass offset alone, lock-in can also theoretically
happen with no moment asymmetries (CM0 0 0).

6) If a combination of both asymmetry moment and mass offset
is causing the lock-in, their individual required magnitudes will be
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less than those required if each were to have been applied alone to
cause a lock-in (con� rming one’s expectation).

In summary, a model was developedto studyand simulate the roll
and pitchingmotions lock-inobservedfor some projectiles in � ight.
Fin damage and mass offsetwere quanti� ed, and their effects on the
motion of the vehicle were computed. Flight historiesof the motion
including the spin rate, pitch and yaw angles, and yaw ampli� cation
factor are computed. Both roll resonance and roll lock-in behavior
were re� ected in the � ight histories computed. Projectile impact
imprint on yaw cards is predicted and simulated for any distance
from the muzzle. The model established is general for missile or
� nned projectile applications.A case study was performed in detail
for a speci� c projectile, as a real-life applied example.
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