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configurations are summarized in Tables 1 and 2 for the 10 in.
and 23 in. diameter models, respectively. In both tables it is
seen that the effect of c.g. location is that more forward
locations increase the static stability. This fact is indicated (on
the assumption that the disturbances in the wind stream are
the same for all models) by the perturbations of the models
from the zero degree trim angle reducing as the c.g. is moved
forward. In Tables 1 and 2 the effects of ring diameter and
porosity are actually inseparable; however, in Table 2, it is
seen that for the lowest porosity (largest D/d) a finite limit
cycle angle occurred and for the highest porosity (smallest
D/d) a finite trim angle occurred, whereas in Table 1, with
D/d of 1.105 [which is smaller than the smallest in Table 2
(1.113)] a greater porosity (47.7% compared to 22.1) resulted
in changing the trim angle from 5° to 0°. Thus it appears that
some minimum value of D/d produces limit cycling which is
akin to the behavior of a plain sphere, and some minimum
value of porosity produces a finite trim angle. It appears in
Table 2 that the effect of increased porosity for the last entry
tended to reduce the finite trim angle. The reason for no per-
turbations for this configuration is not known.

The perturbations indicated in the table do not seem to
represent a systematic phenomenon. These perturbations were
random in occurrence and are believed to be caused by ran-
dom turbulence in the wind stream. The drag coefficients
from Tables 1 and 2 are compared with the static data in Fig.
2.

Pitch damping coefficients deduced from the Spin Tunnel
results for several configurations are shown in Fig. 4. It is in-
teresiing that, for these models, the damping coefficient in-
creases strongly as angle of attack approaches zero, whereas,
for most high-drag conical configurations, the damping
decreases in this range of angle of attack and actually changes
sign, resulting in limit cycle behavior. The canted holes in the
rings served to effectively control the model roll rate. The roll
helix angles measured were actually somewhat greater than
the hole cant angles.

Low-Altitude Roll Behavior of Entry
Vehicles with Mass Asymmetries
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E has been shown that a principle axis misalignment
nd an orthogonal c.g. offset will promote steady res-
onance in a slender entry vehicle at first intersection of the
spin and pitch frequenciés whenever the product of the two
asymmetries exceeds a critical level K .! The principle axis
tilt is equivalent to a trim angle that is amplified at resonance
crossover to produce a roll acceleration p that exceeds w, and
thereby ensures a lock-in.

If the combination is below the critical threshold, the spin
rate merely shows a minor fluctuation and then levels off at
the initial value p,, while the angle of attack exhibits the
characteristic high-altitude transient resonance divergence.
The excursion peak lags the crossover altitude by an interval
AH that according to a linear analysis by Kanno? depends
upon the magnitude of the parameter A where A=p ,(1—-1,/2
1,)/BVg sin yp This interval expressed in the non-di-
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Fig. 2 Comparison of analytical solution for spin history with six-
degrees-of-freedom computer results,

mensional form o= — BAH is shown as a function of A in Fig.
1, where S is the density scale height (22000 ft—!). Six-degrees-
of freedom simulations show close agreement with the linear *
analysis, and also show that to first order the lag is insensitive
to C,, . Typically, AH ranges from 5000 to 20000 ft depen-
ding oh the spin rate and trajectory.

Although a lock-in may not occur, the subsequent spin
history is important because this asymmetry combination may
still cause a progressive spin up and a second intersection
followed by the Pettus* type of low-altitude steady resonance
to which the vehicle is much more prone because of the larger
trim amplification and roll torques. A simple analysis for the
spin history following initial crossover will now be presented.

Using the same nomenclature as before,! the spin ac-
celeration is written thus:

P=R Cy_gq S(ox;Ay—B7A2)/1, )]

where R is the amplification ratio and o, and 3, are the
equivalent static trims generated by the principle axis tilt, viz.

o= —(plw ) /1,—1, (2a)
BTZ_(p/wc)ZIxy/Iy_Ix (2b)

If the damping terms are ignored then R=1/(1—p?/w.?)
(not valid at p=w_); over the region of interest p?/w ?<1 s0
we may set R=1 without significant loss of accuracy. Then,
substituting for w.2=c,.q SD/I,—I, and noting that C«
= —CpnoX/D where X is the dimensional static margin, Eq.
(1) reduces io

pIp?=(—1,0y+1 Az)/T1,.X 3)
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This equation is then integrated with respect to time from
the peak excursion altitude (not the crossover altitude) and the
following result is obtained .

1/p=1/p,+ (I, oy —1,,82)t/1.X C))

Depending on the sign of the asymmetries it is seen that a
spin or spin down will occur, but that a roll through zero (p
=0) is not possible within a finite time span; inertial asym-
metries alone can only induce a roll near zero, and the
associated dispersion is negligible since the equivalent static
trims tend to zero [see Eq. (2)]. Equation 4 gives good
agreement with the spin histories obtained on the six-degrees-
of-freedom computer program for vehicles with this type of
compound asymmetry. A typical comparison for a spin up
combination that produced low altitude lock-in is shown in
Fig. 2. The equation slightly underestimates the slope of the
spin curve just prior to the second intersection because near
resonant amplification of the principle axis trim is excluded
when setting R at unity. However, the error is small because
of the response lag. '
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Thus, if the pitch frequency history is known, the time to
impact from resonance crossover, and the corresponding time
from the transient peak may be estimated using Fig. 1. Sub-
stitution for 7 into Eq. (4) then provides the spin rate p at im-
pact, and if this exceeds the pitch frequency a low-altitude
crossover is indicated.
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