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Fig. 2 FBAL\s T0 plot used to find optimal coast arc length.
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Fig. 3 Converged switching function.

heliocentric nonrotating rectangular Cartesian coordinates,
x4, x5, x6 are the vehicle's position components, u3 is the ab-
solute value of the mass flow rate of the engine with u3 = 0 or
0 and UjU2, are the control angles which define the thrust
direction.

The performance index used was a linear combination of
flight time and propellant mass expended. Previous ex-
perience with low thrust Earth-Jupiter trajectories has shown
that a performance index based entirely on propellant mass
often leads to very large flight times if coast arcs are allowed.
Trajectories which minimize flight time result in no coast arcs.
The performance index used is given by

J=-x7(tf)+Kptf (2)
The necessary conditions for minimization of the per-
formance index subject to the equations of motion and the
initial and terminal constraints are given by

dx

dRT

y du
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(3a)

(3b)
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where the time of flight, //, is unspecified while t0 is fixed.
The variational Hamiltonian, H, is defined in the standard
manner, and R is given by

R=-x7(tf)+Kptf-v-TM
where M is the vector of terminal constraints and v is a vector
of unknown constant multipliers. The A vector is the usual
time dependent Lagrange multiplier vector.

Eliminating the control in the usual fashion, using Eq. (3c)
plus the requirement that d2H/du2 be positive semi-definite,
we get

cosw/=6/A sin«7 = —X5/A
cos«2=—X7/S

C @ for engine on
u3= 4

(^ 0 for engine off
where

(4c)

^ (5)
X7

As was stated earlier, the switching function T defined
above was not used to determine coast arc entry and exit times
during the iteration process, but it was used in the deter-
mination of the optimal coast arc length.

Optimal trajectories were obtained for several values of the
weighting parameter K, in Eq. (2). One trajectory, with K
= 15.0, exhibited no coast arc. The TBAL vs T0 curve for the
case A>1.0 is shown in Fig. 2. Note that the two values
chosen for T0 were around 140 and 160 days while the optimal
coast arc was about 350 days. The switching function for the
K= 1.0 case is shown in Fig. 3.

Conclusion
An unexpected relation between coast arc length and

switching function value during optimization has been found.
A balancing procedure used on the switching function led to
the discovery of a linear relation between the guessed coast arc
length and the balanced switching function value. Through
extrapolation, the optimal value of the coast arc can be
precisely determined. The result is limited at present to cases
where the number of switchings is two or fewer, but ex-
tensions may be possible.
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V = velocity of freestream, fps
a = total angle of attack, deg
6A = aileron tab angle, deg

Introduction
HPHIS paper describes results from an initial phase
JL of a research program to determine the potential of wrap-

around fins as stabilizers for air-launched weapons. As a
result of a previous investigation concerned with rocket flight
dynamics,1 it appeared that wrap-around fin configurations
of proper design may avoid roll resonance and roll-yaw
coupling, thus alleviating two problems plaguing current
general purpose bombs. However, a problem that is charac-
teristic of wrap-around fin missile configurations is large roll
rates at high angles of attack. The elimination of large roll
rates at high angles of attack is an important factor in con-
trolling Magnus instability of air-launched weapons, par-
ticularly bombs.2-4

The purpose of this subsonic wind tunnel study was to
determine if a fin modification could be found for wrap-
around fin configurations that would provide roll-rate
stabilization at all angles of attack.

Wind Tunnel Tests
Free rolling tests were conducted in the 28-in. by 40-in. sub-

sonic wind tunnel located at Edgewood Arsenal.5 The test
specimen consisted of a free rolling model with an ogival nose
and cylindrical afterbody, sting mounted on ball bearings.
The model was designed so that various fin configurations
could be easily interchanged. A schematic of the basic con-
figuration is presented in Fig. 1. Steady-state roll rates were
measured for angles of attack from 0 to 90 deg.

Discussion of Results
The basic wrap-around fin configuration was tested, and a

plot of the reduced frequency (pd/2V) vs a. is shown in Fig. 2.
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Fig. 3 Wrap-around fins in cross-flow.

Fig. 1 Schematic of wind tunnel model (basic configuration).
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This configuration exhibited large negative steady-state roll
rates at high angles of attack and a small positive, steady-state
roll rate at zero angle of attack. The bar indicates a region of
roll lock-in, e.g., where the motion, if stopped, will remain
stopped.

A straight fin configuration with the same planform as the
basic wrap-around fin configuration was also tested. These
test results are also presented in Fig. 2. As expected, the con-
figuration exhibited large roll rates at high angles of attack in
both the positive and negative directions.2 The unsymmetrical
character of the roll rates exhibited by this configuration is
probably due to strut interference.

It had previously been shown that fin slots eliminated large
roll rates of straight finned missiles at high angles of at-
tack. 3'4 Consequently, fin slots were tested on the basic wrap-
around fin configuration in the hope that the high angle of at-
tack roll rates would be reduced. The fin slot was centrally
located with an area of about 30% of the total fin area. The
slot reduced the high angle-of-attack roll rates approximately
50%. Data for the slotted wrap-around fin are presented in
Fig. 2.

At this •>-point,..;.; .it.- was obvious that an additional
modification to the fin was required in order to provide roll-
rate stabilization.

Since wrap-around fin configurations are not symmetrical
in cross-flow as shown in Fig. 3, it was expected that a part of

Fig. 2 Steady-state roll rate vs angle of attack.
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Fig. 4 Steady-state roll rate vs angle of attack for wrap-around fin
configuration.

the high angle-of-attack roll rate might be produced by dif-
ferential drag. Consequently, fin fences might tend to
equalize the drag differential between retreating and ad-
vancing fins. Figure 4 shows the effects of fin fences on the
basic wrap-around fin configuration without slots. With fen-
ces nearest the fin tip, the roll rate is reversed except at very
high angles of attack where the configuration can roll in either
direction. An inboard movement of the fence (0.11 in. from
fin tip) gives the wrap-around fin configuration the charac-
teristics of a straight fin configuration, e.g., the missile rolls
equally well in both directions at high angles of attack.

Using a combination of slots and fences, the wrap-around
configuration was then roll rate stabilized. The addition of a
roll tab provided the required driving torque (see Fig. 4). The
dimensions of the final roll-stabilized configuration using
slots, fences, and roll tabs are given in Fig. 5. It should be
noted that further refinement of the slot geometry and fence
location was not attempted.
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SIDE VIEW REAR VIEW
Fig. 5 Roll-stabilized wrap-around fin configuration with slot,
10°roll tab, and outboard fence 0.08 in. from fin tip.

Conclusions
The following conclusions were made based on the results

of this study: 1) missile configuration with wrap-around fins
can be roll-rate stabilized using fences and slots; 2) the high
angle of attack roll rates of the basic wrap-around fin con-
figuration are probably due to vortices shed from the fins and
the differential drag of the fins in cross-flow.

Suprisingly, the fence position can cause the basic wrap-
around fin configuration to behave like its straight fin coun-
terpart, probably by equalizing the drag in cross-flow. The
slots eliminate the roll rates caused by vortex shedding on the
wrap-around fins. Thus, the combination of fences and slots
eliminates the high roll rates exhibited by wrap-around fin
missile configurations at high angles of attack. The method of
roll-rate stabilization presented in this report for wrap-around
fin configurations is relatively simple and practical. Con-
sequently, additional high-speed tests are strongly recom-
mended.
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