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SUMMARY

Catastrophic Yaw and FEoll Lock-In are studied at supersonic aad
subsonic speeds. Roll Lock-In is found to occur on isolated fins and
is traced to a leading edge vortex. Free rolling motions are 1'ound to
be accurately represented by the Roll Lock-In Theory. Catastrophic Yaw
j8 observed in three-degree-of-freecom and six-degree-cf-freedom wind
tunnel tests. Mass asymmetry in a 10°% cone is found to cause rolling
velocity, Poll Lock-In, and Catastrophic Yaw.

RESUME

Les questiops du lacet catastrophique et du moivement (¢ roulis dont
la fréquence est la méms que le mouvement de nutation (“roll lock-in’’)
sont dtudides en supersonique et en subsonigue. On & constaté que ce
derunier mcuvement se produit sur des ailettes isoidas et qu’' il est d@
sux tourbillons qui prennent nsissance au bord d’'attaque de 1’ ailette.
La théorie concernant le “roll lock-in” se révéle représenter avec
précision ies mouvements c2 roulis libres. Des essais en soufflerie &
trois et 4 six degrés de liberté ont permis de constater le phénoméne
du lacet catastrophique. On trouve qu’une asymétrie de masse dans un

cOne d’ angle su somszet de 10° donne lieu 4 la vitesse de roulis, au “roll

lock-in” et av lacet catastrophique.
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A REVIE¥ OF SOYE RECENT PROGRESS IN
UNDERSTANDING CATASTROFHIC YAW

John D.Nicolaides

1. INTRODUCTION

The most important problem facing the exterior ballistician today is Catastrophic
Yaw. ¥ 2 The designers of bombs. finned projectiles, re-entry missiles, and unguided
rockets must all overcome this prculem. History, both recent and past, records
numerous failures in all fields. What i3 clea:ly needed is & better understanding

of Catastrophic Yaw, and Roll Lock-In, waich is the necessary condition for Catestro-
phic Yaw.

Roll-Yaw Resonance in fin-stabilized free-flight mis. ..es has been known for many
7ears. The iinear theory (i.e. Tricyclic Theory)® has been successfully used, both

to predict the zotion of missiles when the various stability coeiticients ere known,
and to determjne the various stability coefficients when the actual motion was knowu,

The Tricyclic Theory yields the complex angle of attack as

- (A, +iw )t (Ap+ieg)t
a = KNe N N + er A +

ipt
K.e L (1)
When

B+ 1d

nutation arm

precession arm

trim dve to configurational, mass, or thrust asymmetries
damping rates

rotation rates

rolling velocity uf missile

=
Czs;‘q’@_ﬂ z?ﬂ Rl
b - B -]
wono oty

"

While there have been many examples of the excellence of the Linear Tricyclic
Theory, there have been an ever increasing number of cases where the linear theory
simply does not work. In these cases two special features stand out. First, the
missile’s rolling motion stays the same as the frequency of the wobbling motion; and,
second, the size of wobbling motion is much larger than preaicted by the linear theory.

This special rolling motion is called Roll Lock-In and this special large wobbling
motion is called Catastrophic Yaw® 2,
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In this case of Catastrophic Yaw, Equation (1) reduces to either
- t tw,t - -
o = (KNe%“ -+KT)e “yt, when p = w, = constant , (2)
or o = l(.re“’t ., where p £ . (3)

In both cases the roll angle of the missile with respect to the plane of the complex

It has been found that Roll Lock-In is caused by the action of the Induced Roll
Mcment. It has, also, been found thut Catastrophic Yaw is due to the Roll Lock-In
which produces a Roll Trim Angle which, in turn, causes an Induced Side Moment. This
Side Moment during Roll Lock-In acts like a Magnus moment so as to reduce the damping
of the nuiational or precessional components. The size of the Trim component at
resonance .8 greatly increased, therefore, due to this Side Moment.

A better understanding of Catastrophic Yaw could come about if we nad a better
understanding of the Induced Roll Moment causing Catastrophic Yaw.

2. ROLL LGCK-IN

At the University of Notre Dame we have been studying the causes and nature of
Roll Lock-In at both subsonic and supersonic speeds™ %.

In the subsonir case, it was known that Roll Lock-In could exist. So our interests
were primarily concerned with the flow conditions which cause Roll Lock-In. Some
preliminary studies were carried out by using the Smoke Wind Tunnel.

In the supersonic case, it was not known whether Rol) Lock-Iu could occur. Thus,
we sought to find Roll Lock-In and to study its characteristics.

2.1 Subsonic Roll Leock-In

In previous studies it was found that Roll Lock-In occurred on free-rolling cruci-
form fins by themselves.® It had crigirally been thought that vortices shedding off the
body of the aissile caused Roll Lock-In. The flow around the body of the Low Drag
Boab was studied by Professor Brown. Figure 1 shows the body vortices at 53° angle
of attack. The periodic shedding may be noted. These same flow features are se2n
at smaller angles cf attack. It was also noted that small asymmetries at the bomb’s
uwose could significantly affect the flow fluid. However, by testing cruciform fins
by themselves, the same Roll Lock-In characteristics were obtained.

Thus, in the Mrtre Dame subzonic tests, the cruciform fins from the Low Drag Bomb
were used by themselves in studying the flow field.

It was noted in the flow studies that strorg vortices were originating directly
behind the leeding edge of the fins. Figure 2 shows this vortex on a flat plate which
is at an angle of attack of 90° and is rotating. The vortex is seen on the retreating
fin.

angle of attack is a constant (Roll Trim Angle) and the wobbling motion is, thus, Lunar.
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This same vortex is seen on & free-rotating cruciform fin system when & particular

fin has a certein combination of angle of attack and angle of side step (i.e. & parti-

culer roli orientation, ZRE

In the case of Roll Lock-In, this fin leading edge vortex is quite promineat. Our
studies suggest that it is this vortex that produces the Induced Roll Moment which
oversomes the Roll Moment due to cant and, then, produces Roll Lock-In.

L) + Ly, = 0 (9
Ci. 6

or Yy B (5)
cl'y.,a“

Special tests have been carried out at Notre Dame studying various configurational
changes. Of particular importance is the work of Mr Daniels of the Naval Wesapons
Laboratory.

2.2 Supersonic Roll Lock-In% 7"

Supersonic Roll Lock-In studies have heen carrfed out on three configurations, the
Aerobee Rocket, the Basic Finner, and the Aerobee Fins (I'igs.3 and 4). Their rolling
motions are shown in Figures 5-8.

The Roll Lock-In Theory is given by

Y = ot BeMtcos (wt+98) , (6)

where Yy Roll Irim Angle (Equation (5))

1 d
A — {5, -- ipv3d
21, (le w ® >

(Ciy o P¥8d) .

€
n
]

X

This Roll Lock-In Theory has been ““fitted” to these rolling motions by using a

special technique developed by Professor Eikenberry which employs the Method of Differen-

tial Corrections. The results are given in Tubles I-III.

The Roll Leck-In Theory has been found tu represent the rriling motion to an accurecy

of less than 2°. .

Also, it has been found possible to determine quite accurate values for the Roll
Trim Angle, the Induced Roll Moment Stability Coefficient, and the Roll Demping Moment
stability Coefficient.
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2.3 Exceptions and Modification to the Theory

Not all of the experimental rolling motions, however, have been represented by the
Theory. Figures 9 and 10 illustrate some interesting exceptions. In Figure 9 the Roll
Trim Angle 1s changirg slowly with time. In Figure 10 the missile is seeking three
different Roll Trim Angles, 90° spart. This “hunting’’ characteristic mey be due to
poor wind tunnel flow or it may be real. Some of our studies suggest that it is real
and it is due to poor roll dynamic stability and to serious non-linearities.

It was also observed that (i) differences in fin area and (ii) mass asymmetries
affected the rolling motion. Thus a Modified Roll Lock-~Xn Theory has been developed;

L(3,) +L(p) +L(y,®) +L(%o) +L(Om) = Ip .

For the wind tunnel case where o is a constant and the transient rolling motion
has damped (p = p = 0) , we may solve for the new Roll Trim Angle. Here we find that
the model will, in fact, prefer one fin orientation to the other three. Special model
designs and tests should be carried out to study fanis motion and its dynamic stability.

3. WIND TUNNEL CATASTROPHIC YAW TESTS

The complete three-degrees-of-freedom angular motion of tmo missiles has been studied
in special wind tunnel tests.

The first missile was the Basic Finner. By mounting a model on a unique central
pivot, the model was able to freely pitch and yaw. The fore and aft portions of the
model were able to freely roll due to the angle of cant on the fins. By carefully
selceting the angle of cant, this model wus able to demonstrate Catastrophic Yaw.
Movies were taken and are shown. The films are now being measared and the motion is
being studied.

Also, a second model ¢f a 10° cone was free-flight tested in ihe University’s
Vertical Free Flight Wind Turnel and in the Air Force Vertical Wind Tunnel at Wright
Field. The six-degree-of-freedom motions were observed. Roll Lock-In and Catastrophis
Yaw were obtained. The data is being analyzed. A special film of these motions was
shown for the first time at the Conference.

vhen the cone model had no mass asymmetry, there was no roiiing velocity, and the
pitching and yawing uwotions were quite well damped. However, when mass asymmetry was
jntroduced & large rolling velocity was created. also, a large and persistent circular
and lunar pitching and yawing motion existed. This motion is accurately represented
by Equations (2) and (3).

4. CONCLUSIONS

It is concluded that
(1) Roll Lock-In exists at toth subsonic and supersonic speeds.

(11) The cruciforms fins, not the body of the missile, are the origin of Roll
Lock-1In.
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(111) Vortices originating at the fin leading edge cause Roll Lock-In.
(iv) Missile fip area and mass asymmetries can cause preferential Roll Trim Angles.

(v) Catastrophic Yaw may be demonstrated in a wind tunnel (a) by using a special
three-degree-of-freedou pivot (b) by free flight tests in a vertical stream.

(vi) Mass asymmetries in a simple 10° ccne modci cause a rolling velocity, Roll
Lock-In, Lunar motion, and Catastrophic Yaw.
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TABLE I
Basic Finner Constants from Computer Fit
7t S, B A w &
Damping Mode
(deg) (deg/sec) (deg) (sec™ ) (rad/sec) (rud)
37.1 -U. 416 17.5 ~0,135 4.25 3.78
P.E. 0.255 0. 047 0.482 0.0073 0.0071 0.026
Undamping Mode
49.3 2.08 26.2 0.023 3.86 4.73
P.E. 0.507 0. 240 0. 693 0.0115 0.0113 C.024
TABLE II
Basic Finner Aercodynamic Data
Damp ing Undamping
Value % Error Value % Error
Yy  37.1° 0.687 49.3° 1.029
L Cl7a -0.027 0.1646 -0.019 2.285
E Czp -8.66 ¢ 518 1.11 47.3
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TABLE 111 : )
|
Aerobee “Fins Only” ‘
3
3
Parameter Value Prabable Error i
71 43.784° 0. 507° ,
§
0
Sy -8.361° 3.335 §
A 3.212 0. 492 :
i
w 130.717 0.468
B 6. 409 9.578 i
8 4.244 0. 086 §
%
Sum of residuals £
squared 364.0 5,
Probable error of fit 1.875° .
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Fig.1 The effects of slight rotational asymmetry of the model tip on
the variation with roll of the vortex configuration
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DISTRIBYUTION

Copies of AGARD publications may be obtained in the
various countries at the addresses given below.

On peut se procurer des exemplaires des publications
de 1’ AGARD aux adresses suivantes.

BELGIUM
BELGIQUE

CANAPA

DENMARK
DANEMARK

FRANCE

GERMANY
ALLEMAGNE

GREECE
GRECE

ICELAND
ISLAXDE

ITALY
ITALIE

LUXEMBURG
LUXEMBOURG

NETHERILANDS
PAYS BAS

Centre Netionsl d’ Etudes et de Recherches
Aéronautiques
i1, rue d Egmont, Bruxelles

Director of Scientific Information Service
Defence Research Board

Department of National Defence

‘A’ Building, Ottawa, Ontario

Danish Defence Research Board
@sterbrogades Kaserne,
Ccpenhagen, @

0.N.E.R.A. (Direction)
25, Av. de la Divisiecn Leclerc
Ci.atillon-sous-Bagneux (Seine)

Zentralistelle fiir Luftfanrtdokumentation
und Information

8 Munchen 27 Maria-Thercsia-Str.21

Attn: Dr. H.J. Rautenberg

Greek National Defence General Staff
B.JSG, Athens

Director of Avisation
c/o Flugrad,
Reykjavik

Ufficio del Delegato Nazionale
all’ AGARD

Ministero Difesa -~ Aeronautica
Roma

Obtainable through Belgiua

Netherlands Delegation te AGARD
Kluyverweg 1, Delft
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NORWAY Norwegian Defence

NORVEGE Research £stablishment
Kjeller per Lillestrdm
Attn: Mr. O. Blichner
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PORTUGAL Delegado Nacional do ‘AGARD’
Direcgio do Servigo de Material i
da Forca Aerea
Rua da Escola Politecnica, 42

Attn: AGARD Nationsal Delegate

f Lisbna i
! TURKEY Ministry of National Defence

i TURQUIE Ankara

i

| UNITED KINGDOM Ministry of Aviavion
ROYAUME UNi T.I1.L.1,
Block A,
Station Square House,
St.Mary Cray,

Orpington, Kent

UNITED STATES National Aeronautics and Space Administration ,
ETATS UNIS (NASA) ) i
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Washington, D.C. 20546 -
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