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NOMENCLATURE

A* Planform area of solid fin in2

Al. Planform area of slotted fin in2

Ce Roll moment coefficient L/QSd

C Roll moment coefficient derivative aC 2/a(
) rad - t

CII Restoring moment coefficient M/QSd

Cm Restoring moment coefficient derivative acm a( )

rad- I

C, Normal force coefficient Z/QS

C, Normal force coefficient derivative 3C /a( )

rad-

d Reference diameter ft

Ix  Roll moment of inertia slug/ft 2

L Roll moment ft/lb

M Restoring moment ft/lb

',T  Roll trim angle rad

8 Fin cant angle rad

p Air density slug/ft3

(01 Nutation frequency rad/sec

N Side moment ft/lb
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Noy Side moment derivative due to roll ft-lb/rad 2

orientation and angle of attack

p Roll rate rad/sec

q Pitching velocity rad/sec

Q Dynamic pressure 1/2 pV 2  lb/ft2

Q Constant QSd/I x

S Reference area ft2

V Total velocity ft/sec

Z Normal force lb

a Complex angle of attack rad

% Minimum angle of attack for roll lock-in rad

7 Roll orientation angle with respect to the rad
cross component of the total velocity
vector

iv
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INTRODUCTION

It had been shown, by the early 1950's,1,2,3 that the free-flight dynamic
stability of finned missiles depended strongly upon roll rate. The concept of Magnus
instability had been developed earlier from the linear theory of missile dynamics,
and Nicolaides 3 . had recently published his important linear theory of simple roll-yaw
resonance instability. However, during flight trials of the Navy low drag bomb, an
instability occurred that could not be explained by any known roll-yaw coupling
theory.

This report summarizes research conducted by the Navy to understand thlis
third type of instability, now known as catastrophic yaw, and provide a solution to
this problem.

LOW DRAG BOMB FLIGHT TRIALS AND NICOLAIDES' RESEARCH

The MK 80 series low drag bomb was designed after World War II by the
Douglas Aircraft Company and flight-tested at the Naval Proving Ground 4 (now the
Naval Surface Weapons Center, Dahlgren Laboratory). This particular bomb, whose
schematic is shown in Figure 1, was fabricated in the 250-lb class (MK 81), 500-lb
class (MK 82), 1000-lb class (MK 83), and 2000-lb class (MK 84). It is of interest
to note that the MK 82, MK 83, and MK 84 are still fabricated in their original
configuration and used extensively by the armed services.

Flight tests at the Naval Proving Ground revealed that the low drag bomb
occasionally exhibited a severe instability of the nutation mode that could not be
accounted for by the linear theory (i.e., Magnus instability, or resonance instability).
Nicolaides' 2,scription of this instability cannot be improved upon by these authors,
and therefo-e a direct quote of his description is as follows from Reference 2.

"This particular dynamic instability, when it occurred, was first characterized by
the failue of the missile to pick up its fiul steady state rolling velocity and, then,
by a catastrophic growth of the pitchhig and yawing motion. Initially the rolling
velocity increases due to the fin cant. However, when it reaches a value equal to
the nutation frequency it holds constant and "locks in" at that particular value
instead of seeking the much larger steady state value. Initially the size of the
pitching amid yawing motion reduces. However, when the rolling motion locks i, it

11
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begins to grow and may very soon reach extreme values such that the missile ill
flight lookIv more like a propeller than zn arrow. This unique flat spin has beeni
termed 'Catastrophic Yaw.'

Since the missile's free flight rolling motion was so strongly affected, Nicolaides
felt that wind tunnel tests of a free rolling model might be in order. Consequently,
lie had constructed a sting mounted, free rolling model of the basic finner; a
standard Navy research configuration consisting of a cone cylinder body with
rectangular fins. Tests were conducted in the National Bureau of Standards wind
tunnel.S,6,7

Nicolaides found that four-finned missiles exhibited five separate roll
characteristics that he labeled "linear rolling motion," i.e., conforming to thc linear
theory of missile dynamics, roll "slow down," roll "lock in," roll "break out," and
roll "speed up." These roll characteristics depended upon the angle of attack and
fin cant and are illustrated in Figure 2.

LINEAR ROLLING MOTION

ROLL SLOW DOWN

Z_. ROLL SPEED UP

0..

I-

I-l

BREAK OUT

ROLL LOCK IN

0 ANGLE OF ATTACK C) 90

Figure 2. Characteristic Rolling Motion of Cruciform Finned
Missiles With Small Fin Cant
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In linear rolling motion, near zero yaw, the roll moment is proportional to the
fin cant and rolling velocity and is independent of the angle of attack. However, it
is found that as the angle of attack increases, the roll rate "slows down" mainly
due to a loss in fin cant effectiveness and "locks in;" i.e., the missile fails to roll
and exhibits stable oscillations about a roll trim angle (yT), tending toward 450 as a
limit. At higher angles of attack the missile exhibits unstable oscillation about the
roll trim angle and "breaks out," thus developing large roll rates (roll speed up) in
either the positive or negative sense, and even against the fin cant moment.

Nicolaides pointed out that the stable oscillations of the model in the "lock
in" region suggested the existence of a roll moment that depended upon angle of
attack and roll orientation. A literature search revealed that this moment had been
measured earlier2 ,8"12 and for a four-finned missile takes the form

L('ia) = L ac sin 4,y (1)

"Ie rediscovery of aerodynamic moments with a periodicity of 47y was the primary
factor in explaining the plenomenon of catastrophic yaw. 13  For an example,
consider the flight condition where a four-finned missile has a nutation frequency
equal to its rolling veJocity. Its roll orientation angle is constant. This unique type
of motion is called "lunar" because of its analogy to the motion of the moon. In
this free-flight case where 6, a , p, and y are constant, the rolling equation of
motion is

Lsb +LPp+ L,ez sin 4-Y = 0 (2)

The critical lock in angle of attack (aec ) or the roll trim angle (y'T) are
obtained from Equation (2) as

c = -(L 8 5 + LPp)/IT. sin 47y (3)

and

"T = sin- I [_(L 6 €5 + LPp)/Ll Z ] /4  (4)

4



Since 'YT is a constant for this condition, an additional aerodynamic derivative
becomes significant. This derivative is known as the induced side moment and can
be expressed in the following form for the cruciform finned missile:

N(y,o) = N-ya sin 4,y (5)

The induced side moment acts perpendicular to the plane of the angle of
attack and can have a serious destabilizing influence.

The phenomena of roll break out and roll speed up were at first attributed to
v rtex shedding from the missile body onto the cruciform tail.7  However, this
theory was abandoned when wind tunnel tests showed that a pure cruciform fin
system (no body) exhibited the same nonlinear rolling characteristic, i.e., roll slow
down, roll lock in, roll break out, and roll speed up. The nonlinear character of the
cruciform fin system suggested that the speed up was induced by vortex shedding
from the fins. This experiment has since been verified from at least four different
sources. 26 ,3 3

Nicolaides was unable to develop a nonlinear rolling motion theory to account
for roll break out and roll speed up. However, lie did suggest that the roll damping
moment at high angles of attack was positive at low roll rates in order to account
for unstable oscillations about the roll trim point in the break out and speed up
regions.

2

UNIFIED APPROACH TO A NONLINEAR ROLLING MOTION THEORY

In the early 1960's, it became evident that further research was required in
order to design fin stabilized ordnance with satisfactory dynamic stability
characteristics at high angles of attack. The problem of roll-yaw coupling instabilities
had not been solved for fin span limited ordnance and was particularly acute for fin
stabilized, free fall, air launched ordnance ("bombs").

A bomb must be spun in order to average out the effect of aerodynamic
asymmetry, usually due to manufacturing tolerances or lugs. If the spin rate
approaches the nutation frequency (p - col), then resonance oscillations can occur
where the trim angle of attack due to asymmetry is amplified to a value inversely

5



proportional to the total damping in the system. 1 3 Large coning motion, in excess
of that predicted by resonance theory alone, can result if the bomb locks in at the
resonance frequency (p = w v) whereas large roll rates can trigger Magnus
instability.

Since bombs can experience large launch disturbances that often result in pitch
angles greater than 600 in angle of attack and since the nonlinear character of the
roll motion could not be accounted for by the roll equation of motion, dynamic
stability analysis of bombs could not be conducted with any degree of confidence.

For example, in the classical linear theory of rolling motion the total

aerodynamic roll coefficient for a particular a is

C2(8,p) = CQ 6 5+ Cp Pd/(2V) (6)

Nicolaides1 3 postulated, and it was later shown 2 that there existed a periodic
(thus, nonlinear) static roll coefficient (C2 f sin 4y) which could account for roll

lock in. Consequently, the differential equation more recently used14 to describe the
free flight rolling motion of four-finned missiles at a particular a is

IxP/QSd = Ce ()6 + C2 P (a)pd/2V + C24 (a) sin 47, (7)

For the wind tunnel case with freedom only in roll, , = p, and Equation (7)
may be written as

lJ /QSd = C26 (a)6 + C. (oxa)d/2V + C24,(a) sin 4,y (8)

However, at higher a's where the lock in becomes unstable and speed up occurs,
this approximate equation cannot even qualitatively describe the phenomena.

Consequently, a research study 15 was initiated in an attempt to provide a more
accurate mathematical description of single degree of freedom rolling motion. Static
and dynamic wind tunnel tests were conducted to provide the information required
in order to construct a more exact nonlinear rolling motion theory.

6



The basic finner (see Figure 3) was tested in the Naval Ship Research and

Development Center's 7- X 10-ft subsonic wind tunnel.

TT 20

0.75 0 25

4 ALL DIMENSIONS IN FEET

t 2.5I

Figure 3. Schematic of Basic Finner Model

The static force data, measured with a strain-gage roll balance, showed that the

induced static rolling moment coefficient C,(') is sinusoidal only at very low a's; at

highei a's, it approaches a more sawtoothed form as illustrated in Figure 4. A
least-squares fit of a Fourier sine series was made to the C2(,y) data for
0 < a < 90". Figure 5 shows the results for the higher-order terms in the series,

4
T, C2 sin 4Ky (9)
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Data obtained at other subsonic velocities show these same characteristics. With these
new higher-order terms, Equation (8) becomes

IAJ/QSd = C2 (a)5 + Z C4 (a) sin 4KY+ C (a)'d/2V (10)
6 K=I K-

However, Equation (10) still cannot describe the roll break out and roll speed up
phenomena.

The dynamic (free roll) tests showed that when the basic finner model is
released from rest and allowed to roll freely on a sting mounted, internal, air
bearing, it exhibits unstable oscillations about a strong roll trim point at large a's
when the rolling velocity is small, implying that the torque due to roll rate is
positive. It then "bredks out" and "speeds tip" to a steady-state rate 'S, sometime.-
in the direction of, and sometimes opposed to, the cant. At this point the rolling
torque as a function of *y must have a real root with negative slope, since
overspinning the missile results in negative damping. It was concluded that if the
damping torque is continuous with y, it must have roughly the cubic form shown
in Figure 6.

2.0 - 12'

'- 1.6 - 90v -V 17 FT/SEC
2 1.2 - 0
0

o//
-J / 1_,j 0.4 -/

0- J

I 

/

oI /- I /
-0.8 -)/
-- / /-1.2 -/

-1.6

-2.0 I I I I I I I I
0 20 40 60 80 100 120 140 160 180

ROLL ORIENTATION ANGLE - -t (DEG)

Figure 4. Induced Rolling Moment vs Roll Orientation Angle for Basic
Finner Model Measured in Incompressible Flow
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ROLL TORQUE (L)

L (f)
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(-)

iss ss

Figure 6. Hypothetical Damping Function That Can Account for Roll
Break Out and Roll Speed Up

Figure 7 shows ,s vs a for the basic finner missile with and without fin cant.
When 6 _: 0, the dual steady-state spin rates are nearly equal for the particular a.
When 5 z 30 and in the region of unstable oscillations and break out, there exists
a large region where break out is possible only in the positive direction of spin. At
slightly higher a's, where break out can occur in either direction, *ss is usually
slightly higher in the positive direction of spin.

These rolling characteristics can also be explained in terms of the present
nonlinear theory. When the missile is circulating (e.g., , does not oscillate) the roll
rate approaches a quasi-steady state, and the contribution of the periodic torque
may then be neglected. If we then consider a simple superposition of a roll toique
due to fin cant (L 65) on the cubic form of damping as shown in Figure 8, the
displacement produces an increase in the positive ss and a decrease in the negative

*ss" Moreover, if the moment due to fin cant is sufficiently large compared to the
damping moment, only break out and speed up with positive spin are possible, since
the negative spin is damped.

Now if the damping is also analytic with spin, we may express it in the form
of a Taylor series whose coefficients depend on odd powers of y. The Fourier series
and Taylor series can be combined into a more general differential equation that
contains mixed terms

;iIx/(QSd) = C2 (0 + E C2  (ai)y' sin (4KT + 1/2 mir) (11)
mK mK
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Figure 7. Steady State Spin vs Angle of Attack for the Basic Finner
With and Without Fin Cant
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Figure 8. Superposition of Roll Moment Due to Fin Cant on Cubic
Damping Function
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This is the general form which, when 5 = 0, has the symmetry property (-Y,
=

EXTRACTION OF NONLINEAR ROLL COEFFICIENTS

Values for appropriate coerficients are required as a function of angle of attack
in order to predict missile roll behavior. High order, nonlinear roll coefficients
cannot be readily determined from direct experimental measurement. However, it was
found that these coefficients could be determined by fitting Equation (1I) to actual
observed roll position data.

Observed roll position versus time data were taken from free-rolling subsonic
wind tunnel tests.1 5,16 In these tests, the missile was free to roll on a low friction
air bearing. The rolling motion history was recorded at selected angles of attack
using a motion picture camera. Initial conditions (-y0 , j 0) were varied at each angle
of attack to insure that all modes of the rolling motion were excited. Figures 9 and
10 show two plots of observed data (roll angle (-y) versus frame number) recorded
at 450 angle of attack for the basic finner configuration.

Cohen and Clare 17 developed a '-global" nonlinear least-squares fitting procedure
that could extract roll momernt coefficients from observed roll position data. A
modified nonlinear least-squares procedure was required for several reasons. The roll
behavior is extremely nonlinear in nature. Consequently, a standard nonlinear
least-squares fitting technique would require fairly accurate initial estimates of the
coefficients in order to begin the fitting process. In general, little is known about
the values of the higher-order roll coefficients. Therefore, the fitting process is begun
by truncating the equation of motion, thus initially, neglecting higher order terms.
In addition, there are further complications due to wind tunnel transients and
system noise. As a result, these unmodeled torques can cause the residuals between
the computed and observed data to become so large that the process will not
converge when the motion is fit continuously.

The "global" nonlinear least-squares procedure allows the observed data to be
divided into segments. This procedure provides jumps in roll angle and roll rate
between segments, so that the computed data may be restarted in roll regions where
the residual would otherwise be too large to allow convergence (of the sum of the
squares of the residuals in -y). This "global" process fits the observed data in two

12
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phases. First, each data segment is fit independently ("locally") using constant
best-estimate aerodynamic coefficients to determine initial conditions for that
segment. Then all of the segments are fit "globally" for a new set of aerodynamic
roll moment coefficients and new segment initial conditions.

Cohen and Clare generalized Equation (11) and incorporated it into a computer
program to extract roll coefficients. The rewritten equation of motion including mass
and/or aerodynamic asymmetry terms is

I d= (, ( cos 4k + Sjk sin 4k7) + C, cos - + Cas sin y (12)"j=0 \2V) k=O(C

where

Cae and CaS are the asymmetry terms.

The correspondence between the coefficients used in Equation (12) and more
conventional nomenclature is shown in Table 1.

All modes of motion at the same angle of attack are combined and segmented
to make up observed roll angular data to be input into the fitting program. Usually
only estimates of the basic coefficients are required to begin the fitting process.
Once a fit is achieved with the basic coefficients, additional coefficients may be
extracted as desired. After the desired set of coefficients are extracted, the
segmented lengths are increased to minimize the errors in the extracted coefficient
values due to the jumps between segments. The process is usually repeated until a
set of coefficients is obtained at each angle of attack. Figures 11 and 12 show
typical comparison plots of observed and computed roll angle versus time for the
basic finner. The computed data was calculated using the set of extracted roll
coefficients for that particular angle of attack and configuration. The small lines
drawn normal to the computed data indicate segment locations.

Further details about the procedure are found in Reference 18. Specific details
of the computer coding are found in Reference 19.

The technique was first applied to roll position data obtained at subsonic speed
for the basic finner configuration at 45, 57, and 660 angle of attack. A set of 14
roll moment coefficients was extracted at each of the three angles of attack.
Comparison plots of observed and compute (based on extracted coefficients) roll
position data showed excellent agreement. These fits coupled with statistical and

14



Table 1. Aerodynamic Roll Moment Coefficients
Considered in Fits

Coefficiento
com~entional Con'le Irn
Nomcncialune N' ma Description

C. 6Con Fii Calt roil nlrnict
coefficient

t 6 0 Variation of fin cant
C~ Momueit coefficient

With roll angle

C, 6 C02

602Sy)

Ct 6 COR

CIO lincar roll damping
p Moment coefficient

YC 20  Quadratic roll dainping
r' ?~Moment coefficient

ccpC 30  Cubic roll damping Inonent
Coefficient

Cv p C30
C,, (4,y CIIVariation of Ikicar roll

Cr C1 I Dampini momxent coefficient
%Uitl roll angle

C5 p81 C12

Cr (2y C 13

Ce 2 4y CIK
CM~y SolInduced rolling moment

01 Coefficients

C2 8,)S 02

Ck( 12?y) S 0 3

Cac Roll asymmetry coefficients
(Combinations of

Aerodynamic and mnass
Asymmetry constants)

C.

kuJ coefficients are functions of Mes missile's angle of attack.
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Figure 12. Comparison of Computed and Observed Roll Angular
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phase plane analysis verified the equation of motion and the extracted coefficients.
Reference 18 documents the application of tie fitting procedure, the coefficient
results, and analysis for the basic finner configuration.

The fitting procedure was later applied to subsonic roll angular data for a
wrap-around-fin (WAF) missile tonfiguration, shown in Figure 13, at angles of attack
from 0 to 90°.20 This application extended the utility of Equation (12) to a,
configuration with 90* rotational symmetry. Figures 14 through 17 show plots of
the four basic roll coefficients (C. 6, C , C2 3, and CQ 4 ) versus angle of attack
for the WAF configuration. The corresponding coefficients for the basic firner (a
straight finned missile) are also presevited for comparison purposes in Figures 14
through 17. The variations of the basic coefficients may be used to explain the roll
characteristics of the WAF configuration.
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Figure 13. Wrap-Around-Fin Missile Configuration
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Figure 18 shows the predicted and observed steady-state roll rates versus angle
of attack for the WAF configuration. These predicted rates were calculated using the
extracted sets of roll moment coefficients. The principal differences in the roll
characteristics between the WAF and straight finned configurations can be seen by
comparing Figures 7 and 18. The straight finned configuration has a tendency to
develop high roll rates at high angles of attack, in either direction and even against
the fin cant, while the WAF configuration has a greater tendency to spin at high
rate, in a single direction, at high angles of attack. The major difference in these
two types of roll motion is probably due to static roll torque produced by induced'
drag of the curved fin. 2 1

PREDICTED STEADY-STATE ROLL RATE

0 LASTOBSERVEDSPIN RAT
-
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Figure 18. Comparison of Computed and Observed Steady State Roll Rates for
WAF Missile Configuration
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The effect of WAF curvature is primarily reflected in the static roll moment
coefficient. In Figur. !4, the WAF static roll moment increases with angle of attack
up to 350; however, at 40* and 450, the static roll moment abruptly reduces to
zero. Above 450 , large static roll moment is again present. Cbnversely, a cruciform
finned missile with intentional fin cant (6) would exhibit a static roll moment that
decreases with increasing anglc of attack as suggested by classical roll slow down. 15

The fitting technique has also been applied to the canard controlled missile
configuration 2 2 ,23 shown in Figure 19. Three configurations were tested in order to
determine relative contributions of the canard, tail, and canard/tail interference. The
buildup configurations included canard + body, body + tail, and canard + body + tail,
all with zero fin deflections. In addition, a canard + body + tail configuration with
two canards deflected 15' to simulate a pitch control command was tested to
determine the change in roll damping due to a large fin deflection.

3.0 CALIBER 1ANGENT OGIVE NOSE

- 2.4 0. 
-4.20

13.00 i
\~ i--4 I

I L'-HL A
0.0 0.76 7.63 9.00 25.80 27.60 3120
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Figure 19. Schematic of Canard Controlled Missile Configuration
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In this application only basic roll coefficients were relevant. These included
'tatic roll moment (C 6 5), linear roll damping (CQr), linear roll damping variation
with roll angle (C, 4 4, and induced roll moment coefficients (C2 , and C 8 ).
The higher-order coeficients (CpP4 , and C 8 ) were included when lhey made a
significant improvement in the da a fit. Figures 20 through 24 present plots of the
extracted coefficients versus angle of attack for the four configurations.
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Figure 20. Extracted Linear Roll Damping Moment Coefficients vs Angle of
Attack for Canard Controlled Missile Configurations
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NOTE THE DARKENED DATA POINT IS THE INDUCED ROLL MOMENT
AMPLITUDE SINCE BOTH C,(4,) AND C(8 /| WERE EXTRACTED
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Figure 22. Extracted Induced Roll Moment Coefficient vs Aigle of Attack for
Canard Controlled Missile Configurations
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Figure 23. Extracted Fin Cant Roll Moment Coefficients vs
Angle of Attack for Canard Controlled Missile Configurations
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It is important to note that CQP , is required in addition to CR1 to model
the roll damping characteristics of the configurations, especially at tie higher angles
of attack due to positive roll damping moments. The dependence of the roll motion
on CQP (4 ) manifests itself in roll oscillations that initially shrink but do not damp.
The configurations with tail fins exhibit this phenomenon.

The extracted linear damping coefficient (Cep) is nonlinear with angle of attack
for the configurations with tails. The canard contribution to the canard + body + tail
total roll damping moment is neaily cancelled by canard/tail interference. It has
been shown that theoretical estimates of canard + body + tail CR1, provided by the
Naval Weapons Center, 24 China Lake agree with the experimental results at angles
of attack up to 200. The 150 canard pitch deflection increases the negative roll
damping moment at angles of attack above 150.

The extracted induced roll moment coefficients (CQ( 4 y)) show that the canard
contribution to the total induced roll moment of the canard + body + tail
configuration is small. The fin cant moment coefficients are small since there was
no intentional fin cant.

Extracted mass/aerodynamic asymmetry coefficienits showed some unusual results
for the configurations that have tails. The canard+body configuration exhibited
small asymmetry coefficients at all angles of attack as expected. However, the
configurations with tails exhibited large aerodynamic asymmetries on symmetric
configurations at the higher angles of attack. Purely mass asymmetries would have
been small and constant with respect to angle of attack. The canard + body + tail
configuration with the 15' canard pitch deflection was expected to exhibit an
aerodynamic asymmetry due to the deflected canards.

Although the three applications of the fitting technique were successful, several
problems were encountered. The technique is still time consumiiig and expensive. In
future efforts, Kalman filtcring and increased automation should be applied to
streamline the process. All of the wind tunnel tests conducted, thus far, have been
at low speeds because the air bearing is load-limited. In order to extract
aerodynamic roll coefficients at high speeds, new transonic and supersonic test
equipment is required.
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"1.

PASSIVE ROLL RATE STABILIZATIOI

The dynamic stability of free-flight, fin-stabilized ordnance is critically
dependent on roll rate, as shown in Figure 25. If the roll rate is too low, the
weapon may. develop catastrophic yaw or resonance instability. Magnus instability
may occur when the roll rate is large at high angles of attack. Theoretically, there
is a region of spin rates where the missile could sustain dynamic stability. This ideal
roll rate is above the resonance frequency and below the roll rate required for
Magnus instability. Consequently, this ideal roll rate cannot be sustained over the
operational angle of attack range due to the nonlinear nature of the roll rate
characteristics of conventional fins.
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Figure 25. Roll Rate vs Dynamic Stability for a Four Fin Missile
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In 1961 H. Lugt25 suggested that slots or gaps in the fin planforn might
radically alter the dynamic angular motion of finned bodies by sweeping away
strong wake vortices attached to the receding fin at very large angles of attack.
Lugt made this suggestion based on his observation that an autorotating sliver of
paper could be roll rate stabilized by a near full span slot.

Pursuing the possibility that the mechanism of roll speed up was related to flat
plate autorotation led to an experiment conducted in 196626 that showed that the
roll rate of a cruciform fin system could be significantly reduced at high angles of
attack by slots. Figure 26 is a schematic of the free rolling cruciform fin systems
tested. Figure 27 shows the effect of slots on steady state roll rate and roll lock in
angle.

HUB

2!

H14 - 2-3/4 10 1

A) TAIL PLANE, SOLID FIN CONFIGURATION
HUB

1/4 2

H , - 2-3/4

B) TAIL PLANE, SLOTTED FIN CONFIGURATION

Figure 26. Schem' ic of Free-Spinning Cruciform Fins
(Dimensions in Inches)
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Figure 27. Rotational Characteristics of Cruciform Rectangular Fins

It was further suggested that this fin addition could be used to reduce the
possibility of Magnus instability and catastrophic yaw.

In later research, 2 7 subsonic wind tunnel tests were conducted at the Naval
Academy to determine the effect of slot size on the longitudinal stability and
rolling characteristics of a cruciform finned missile. The tests were conducted at
approximately 150 ft/sec. The test specimen is shown in Figure 28.

Figure 28. Wind Tunnel Model (Naval Academy)
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The Naval Academy model had a 3.2-caliber ogive nose with a 4.4-caliber
cylindrical afterbody. The model's maximum body diaim. was 1.5 in. The ins were
rectangular and trapezoidal, with an exposed senispan of I caliber.

A frec-rolling test was conducted to determine the effect of fin slots and fin
cant on roll lock in and roll speed up.

Figure 29 gives the steady-state spin rate vs angle of attack for the Naval
Academy model with solid rectangular fins and approximately no fin cant.
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Figure 29. Steady-State Rolling Velocity vs Angle of Attack for
Naval Academy Model With Solid Rectangular Fins. Fin Cant 0.

Lock-in exists from 200 to 50' angle of attack. Considerable speed up exists
above 50'. Dual modes of motion exist throughout. Very slow clockwise motion
existed below 20° and was not recorded. The fin cant was then varied from zero to
a maximum of 8' in order to overcome the lock in.
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Figure 30 gives the steady state roll rate vs angle of attack for the Naval
Academy model with solid rectangular fins and 8 of fin cant. Lock in now occurs
at 30' rather than at 200, which is generally beneficial. The speed up is hardly
affected. Not only is ite spin high at high angles of attack but it is also
independent of the fin cant.
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Figure 30. Steady-State Rolling Velocity vs Angle of Attack for Naval
Academy Model With Solid Rectangular Fins. Fin Cant So.

These results are typical for conventional cruciform1 fin bybteins. The motion of
the Naval Academy model was then investigated with varying slot size and fin cant.

The addition of the slot eliminates roll speed up if the slot is sufficiently large.
Figure 31 gives, the motion for the minimum slot size which alleviated roll speed up
for the rectangular fin configuration. Fin cant is nearly zero. Some slight residue of
speed up exists. However, with the addition of cant as shown in Figure 32, no
speed up is apparent. Trhe spin is higher at low angles of attack. However, it is
only 1/4 of the maximum spin of an uncanted solid fin, and the maximum spin of
the slotted fin occurs at the smallest angle of attack where it is least critical. The
minimum lock in angle is now moved up to 35. There is still the possibility of
,ock in but only if the missile's rolling motion is stopped. It should also be noted
that the roll damping for tris configuration is stabilizing: L(j) < 0 for all positive
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Figure 32. Steady-State Rolling Velocity vs Angle of Attack for
Navai Academy Model With Rectangular Fins and a Small Slot.

AF/A* = 0.691, 5 = 8.
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values of -y. Above an angle of attack of 350 the missile will spin. If we reduce its
spin below a critical value, it will damp. This phenomenon can occur only if the
roll damping torque is negative for positive spin rates. Conversely, roll speed up 1 s

of the solid fin configuration can occur only if the roll damping is destabilizing.

It was obvious that the ratio of induced rolling moment to fin cant mioment
was improved. From the response of the model, it was felt that even a slight
change in the ratio might eliminate the lock in mode. Possibly a higher fin cant or
more efficient slot shape could have eliminated it. A larger fin cant could not be
tested due to the limits of the model design.

Figure 33 shows that a slightly smaller slot nearly eliminates the lock-in mode.
However, speed up is present, even though considerably weakened.
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Figure 33. Steady-State Rolling Velocity vs Angle of Attack for
Naval Academy Model With Rectangular Fins and a Small Slot.

A F /A* = 0.803.

33



During the Naval Academy tests, both rectangular and trapezoidal fins were
studied. The results obtained were essentially the same for both types of fins.

Single degree of freedom, free oscillation tests were then conducted at the
Naval Academy to determine the effect on the missile's longitudinal stability due to
slot size.2 8 Pitching motion was recorded and these data were fit using a nonlinear,
least squares technique. Both the linear and nonlinear contributions of the restoring
moment and pitch damping moment were determined. The results of this study
indicated that the slot reduces longitudinal static stability at low angles of attack
but increases it at high angles of attack. Only with extreme slot size
(AF/A* < 0.347) was the model statically unstable. No dynamic instability was
present.

Returning to Figure 31, one might conclude that the slot itself, without the
presence of fin cant, actually promotes lock in. Returning to Figure 32, we note
that this is not the case at the moderate angles of attack because the minimum
lock in angle is greater.

In order to determine if the slot promoted lock in at higher angles of attack,
a test was conducted at NSRDC to study the effect of slot size on the induced
rolling moment. The basic finner was used as the test specimen because of its
availability. Fins identical to those tested at the Naval Academy were studied.

The effect of slot size on the induced roll moment is presented in Figures 34
and 35. At an angle of attack of 450 (Figure 34), the slot significantly reduces the
induced rolling moment. The effect of slot size on the induced rolling moment at
higher angles of attack is equally dramatic. Figure 35 summarizes the results of the
test. It is noted that the induced rolling moment was reduced by as much as 70%
for the slot sizes tested and the small slot is nearly as efficient as the large slot in
reducing the induced rolling moment.

Based on the results of these wind tunnel studies, it was concluded that, at
subsonic speeds, the slotted fin is superior to the solid fin in that it eliminates roll
speed up, appreciably reduces the induced rolling moment, and increases longitudinal
stability at high angles of attack. Stability is reduced at low angles of attack.
However, it would appear from the data that the possibility of catastrophic yaw is
minimized.
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ROLL RATE STABILIZED LOW DRAG BOMB

The Navy's MK 81 Low Drag Bomb has always suffered from marginal dynamic
stability characteristics.4 At least one in ten of these bombs falls short due to
excessive yawing motion produced by roll lock in. Consequently, it was felt that
this configuration (shown in Figure 36) would be an ideal research configuration for
studying the effect of roll rate stabilization. Therefore, free rolling and free pitching
tests2 9 were conducted on a full-scale MK 81 Low Drag Bomb in the NSRDC
8- X 10-ft subsonic wind tunnel.

-6055

MARK 81 MOD I 250 LB 10 GP BOMB

Figure 36. Schematic of the MK 81 Low Drag Bomb

Optimum slot size and location were determined from free rolling tests through
the use of interchangeable fin inserts. Aileron tabs on the fin trailing edges were
employed to avoid roll lock in. Dynamic free pitching tests showed a slight loss in
restoring moment for the bomb with fin slot and aileron tab modification. The
pitch damping rate was virtually unchanged.

Initially, ten bombs were dropped from an altitude of 30,000 ft with an air
speed of 350 kn at the White Sands Missile Range. It is estimated that their steady
state roll rates varied between 30 and 60 rev/sec. Test data indicated that all bombs
flew well. The circular erior probability (CEP), the estimated radius of a circle that
encompasses 50% of the total population of the bombs (excluding any initial
disturbance caused by aircraft separation effects) was 56 ft, or 1.54 mil in the
plane normal to the trajectory at impact.
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Although it appeared that the slots and tabs had improved the MK 81's flight
perfornance, it was felt that the sample size was too small. Moreover, the bombs
were ejected with a normal, and consequently small, launch disturbance. It was felt
that a more rigorous test might be in order.

A second flight test was initiated 30 at the White Sands Missile Range where
standard MK 81 bombs were compared directly to the modified version. Thirty-one
standard bombs and twenty-seven slotted fin bombs with aileron tabs were dropped.
Three different release conditions were investigated. The bombs were ejected with
intentionally large pitch rates in order to properly evaluate their stability. In all
cases, the bombs experienced a first maximum pitch of between 60 and 900. Four
different aircraft (A-4F, A-7E, A-4E, A-7A) and two different racks (MAU 9/A,
AERO 7A) were used in the test. However, the large initial yaw experienced by all
bombs made these differences negligible.

The flight conditions that were investigated are presented in Table 2. Only six
drops of the modified configuration were made at a release condition of 30,000 ft
and 350 kn. However, ten modified bombs had been previously dropped at this
condition with a lower initial launch disturbance and flew well. 2 9 Consequently, it
was felt that a smaller sample of drops was sufficient for this condition.

Table 2. Flight Conditions and Test Drops for the
Standard Low-Drag Bomb and Modified Configuration

Test Specimens
Release Conditions (No. of Drops)

Altitude Velocity Standard Modified
(ft) (kn) Configuration Configuration

30,000 350 10 6
20,000 500 8 10
20,000 300 13 11
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Films from the flight program showing the detailed elease and yawing motion
of the stores, were analyzed. These films revealed that four standard configurations
developed instabilities (yaw grows in magnitude with time) of the roll-yaw coupling
type. In all of these cases, the spin was nearly equal to the nutation frequency
during the unstable portion of the trajectory. Two flights were extremely bad in
that these bombs developed a nearly "flat spin" which in one case lasted from
launch to impact. The other bombs damped only a few seconds before impact.

All modified configurations appeared to be stable (the yawing motion does not
grow in magnitude with time). However, four drops were slow to damp the launch
disturbance. (One drop required 25 sec (22 cycles) for the yaw to damp (an
extremely bad flight). Three drops required 10 cycles of yaw or less to damp.)

It was concluded that the slot-tab modification had significantly improved the
flight performance of the MK 81 bomb. It was also felt that optimizing the tab
angle would result in even further improvement of the dynamic stability
characteristics.

It should also be noted that further tests conducted by the Air Force using
the MK 82 bomb (500-1b) with identical tabs bbt without slots resulted in a large
number of severely unstable flights due to Magnus instability. However, these results
remain unpublished.

PRACTICAL APPLICATION

The MK 82/BSU-49B, as shown in Figure 37, is being developed jointly by the
Air Force and Navy as a replacement for the MK 82 Low Drag Bomb and the
MK 82/SNAKEYE retarded bomb. This new dual mode bomb is stabilized in the
unretarded mode by slotted fins (see Figure 38).

Figures 39 through 41 present some of the aerodynamic stability characteristics
of this particular weapon as obtained from wind-tunnel tests.3 1 Figure 39 shows the
low speed roll rate characteristics of this vehicle with solid fins as obtained from
single-degree-of-freedom, free rolling tests. At high angles of attack, the roll rates are
extreme. However, by appropriate slotting and adding turning wedges, the roll rate
can be tailored to alleviate roll-yaw coupling instabilities, as shown in Figure 40.
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Figure 37. WSMR Test Vehicle (MARK 82/B3SU-49B3)
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Figure 38. BSU-49B Fin Planform
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The effects on stability derivatives; C , and C,, +C1 . are shown in
Figure 41 and are also compared with the Navy Low Drag Bomb. '- |normal force
derivatives (Cz.) of the three configurations are comparable, and the restoring
moment of the low drag bomb is considerably greater. ilowever, the BSU-49B with
slots has considerably more damping.
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Figure 41. Effects of Fin Configuration on Stability
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Flight tests 3 2 of the MK 82/BSU-49B showed that "fine tuning" of the roll
rate could result in considerably improved dynamic stability. Figure 42 shows the
release envelope and dynamic stability characteristics of the MK 82/BSU-49B for 19
bombs with 100 wedges launched with an intentionally large launch disturbance
(500 < c ., < 750) and a Mach number range of 0.4 < M < 1.35. Most (94.5%)
of the stores were dynamically acceptable, e.g., the time to damp was small
compared to the time of flight. Bombs with 150 wedges developed Magnus
instability at low speed (M = 0.4).
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Figure 42. Release Envelope and Dynamic Stability Characteristics
(WSMR Test Vehicle With 10' Turning Wedges)
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Later flight tests, on a modified configuration, showed that fin and forebody
configuration modifications somewhat degraded the flight characteristics. However. all
instabilities noted were slightly outside of the bomb's normal operational envelope. 3 2

CONCLUSIONS

I. The single-degree-of-freedom 'roll motion of finned inissiles can now be modeled
accurately at high angles of attack through the use of a more complex
representation of the static and dynamic roll torques.

2. Roll rate stabilization by fin slots can be an effective method of alleviating
roll-yaw coupling instabilities.
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