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Response of an Asymmetric Missile to Spin Varying
through Resonance |

CuarLes H. Murpay*
Ballistic Research Laboratories, Aberdeen Proving Ground, Md.

Asymptotic expansions of maximum response angle as well as resonance response angles
are derived for constant spin acceleration and for spin acceleration to steady-state spin.
These show that the important parameter to be considered is the ratio of missile damping
rate to the square root of spin acceleration at resonance. Predictions of the approximate
theory are compared with exact numerical calculation for a variety of missiles, and excellent
agreement is seen for moderately damped missiles.

Nomenclature
A = (pSI/2I,)(Comy + 1Cno)
Co = drag coefficient
Cra = lift coefficient
Ciy = static moment coefficient
Crtpa = Magnus moment coefficient
CroyCne = aerodynamic moment coefficients due to asym-
metry
Cis = roll-producing moment coefficient
C, = roll damping moment coefficient
C14,Cy, = damping moment coeflicients
H = (pSI/2m)[Cra — Cp — ki ¥ (Cary + Cua)l
1,1, = axjal, transverse moments of inertia
ke = axial radius of gyration (I./mi?)V/?
ky = transverse radius of gyration (I,/ml2)!/2
K; = amplitude of the j mode (j = 1,2)
K; = amplitude of the response to asymmetric moment
K; = (pSI3/21.,)8;Ci;
K, = —(p8l/2m)[k."2C3, + Cbp)
l = reference length
m = mass
Mx = axial component of aerodynamic moment
MgMz; = transverse components of aerodynamic moment
M = (pSl/2m)k: 2 Crxe
P = dg/dt, roll rate
P = (I./1,)(pl/V), gyroscopic spin
g = (s — sg)lon"/2]V2 s
q,r = angular velocity components along Y, Z axis

i

dimensionless distance along flight path ft ' (V/hde
0

reference area

(081/2m)[Cra + ka™?*Crryal

magnitude of velocity

nonrolling Cartesian coordinate axes

angle of attack

angle of sideslip

control surface deflection

2K, %exp(—Kpq) + Kpg — 1] = ¢ — &i'q — or
damping rate of the j-modal amplitude K, /K;
@ + DYV

B + ia, complex angle of attack

trim response to forcing function

air density

roll angle

j-modal phase angle, ¢, + ¢,'s (F = 1, 2)
response phase angle, ¢z + ¢

K;s/K,, steady-state roll rate
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Superscripts

components in a nonrolling coordinate system
( Dipr"/2i742
primes denote derivatives with respect to s
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Subscripts

0
R

nn

initial value
valte at resonance
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Introduction

HE first concern of the designer of a finned missile is

static stability. Once this is assured, his attention is
directed toward avoiding the occurrence of spin rates near
the pitch frequency of his particular missile. This spin-yaw
resonance was first discussed by Nicolaides! in 1953 for linear
moments and recently extended by various authors?? to non-
linear moments. Although these studies were restricted by
the assumption of constant spin rate, they did show that
quite large trim angles can occur at resonance spin. Later
papers®® show that special roll moments can arise from
various causes which cause the spin to “lock in’’ at the
resonance value, and thus these large trim angles can occur
frequently.

The effect of varying roll on the average trajectory was
studied® in 1959 for very simple roll moments’: a constant
roll-producing moment and a linear roll-damping moment.
Although a number of computer caleulations®~* have been
made for the angular motion of a missile whose roll varies
through resonance, very little theoretical work has been
done on this more complicated motion. The related prob-
lem of a re-entering missile with varying pitch frequency is
treated by Tolosko.!* In his paper, resonance occurs when
the varying pitch frequency equals the constant spin fre-
quency. It is the purpose of this paper to obtain simple
relations for the angular motion of a missile whose roll
varies through resonance.

Equations of Motion

The rolling motion will be assumed to be caused by two
simple roll moments: a roll-producing moment caused by
control surface deflections 6, and a roll-damping moment:

My = 3pV28118,Cis + (pl/V)C1,) ey

A very convenient independent variable is arc length along
the trajectory, s. TFor this variable, the differential equation
for the rolling motion becomes

¢" = Ky — Kyp' = Ky(¢ — ¢') 2
where ¢’ = K4/ K, is the steady-state roll rate, and the other
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Fig. 1 Finned missile performing trieyclic motion.

symbols are defined in the Nomenclature. The solution to
this differential equation for constant coefficients is!?

¢ = ¢ + (' — &) exp(—Kps) @

According to this equation, the roll rate has the initial value
¢’ but asymptotically approaches ¢, as the missile travels
along its flight path.

The pitch and yaw moments, given here in nonrolling co-
ordinates X,¥,Z, include the usual linear static, damping,
and Magnus moments. Since resonance is important only
when a missile-fixed constant-amplitude trim-producing
moment is present, this essential moment term is included in
our expansion. This trim-producing moment can be caused
by center-of-gravity offset or by an inclined normal axis of
inertia and unintentional configurational asymmetries, as
well as by an intentional deflected control surface.!:. The
moment we shall consider, then, takes on the form

My + Mz = 5pVISU [(pl/V)Cotpe — 1Crralf +
Csty B — ot + (Coo + Ca)e™®} (@)
where £ = B + i@ is the complex angle of attack, and g =
(G + ©P1/V is the complex transverse angular velocity.
The only forces we shall consider are drag and a linear lift
force. For these forces and moments and for small geo-

metrical angles, the differential equation of motion for the com-~
plex angle of attack can be written in a fairly simple form:

£+ (H —iP)¥ — (M +iPT)E = ide” ()

Constant Roll Rate

Equation (5) can be solved easily for constant spin rate;
the solution is the well-known equation for tricyclic motion
(Fig. 1)1.12;

£ = Kiexp(@ig)) + Ksexp(ids) + Ky explildn + )1 (6)
where
K; = K exp(N\;s) j=12
N = —(H¢ — PT)2¢;' — P)™
&' = 3P + (P — 4D

The magnitude and initial phase angle for the trim mode, Ks
and ¢y, can be found by direct substitution in Eq. (5):

Ky exp(igw) = —id/[(¢")* — P¢’ + M — i(¢'H — PT)]
)

For zero spin, the magnitude of the trim takes on a very
simple form:

Ky = |A/M| =|(Cno + 1Cr)/Cote ®)
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As can be seen from Eq. (7), the trim amplitude increases
from the zero-spin value to a maximum at resonance and
then decays to zero as spin increases to large values. Reso-
nance oceurs when ¢’ = ¢;’, and the real part of the denomina-
tor of Eq. (7) becomes zero. For a statically stable missile,
the natural frequencies are opposite in sign, but usually the
frequency with the sign of the spin is ¢’. This frequency
is the larger in magnitude of the two and is sometimes called
the nutation rate. Throughout this paper, we shall assume
the spin to be positive for simplicity. The modifications to
some of the results for negative spin are quite simple.
The resonance amplitude of the trim can now be given:

K = | AN @ — 1./1)17Y ©)

The ratio of the moments of inertia is usually less than 0.1
and therefore can be neglected in comparison with 2. This
approximation also implies that [¢:/| = |¢:/| when spin is
near resonance. With this in mind, we can obtain a very
simple relation for the resonance amplification of the zero-
spin trim angle:

K3R/K30 = |¢1'/2)\1[ (10)

A sample plot of the variation of trim amplitude for constant
spin rate with the value of the spin rate is given in Fig. 2.
As can be seen from this figure, quite large magnification
factors are possible. If the spin varies rapidly through
resonance, some fraction of these values should be observed.
Our objective is to find the relations between the angles
actually produced and the corresponding roll accelerations.

Yarying Roll Rate

If the spin is nonconstant, Eq. (5) is a linear equation with
variable coefficients and a specified forecing funection. The
solutions'? for the twoe transient motions now have varying
frequencies, which are given by the relation after Eq. (6), but
their damping rates are changed:

N = —(He¢ — PT + ¢,")(2¢,' — P)™ (11)

The usual size for H is 1073, whereas M and T are 1074
Near resonance, P is 1072 or less. As can be seen from the
relations for ¢;" and A;, P has a small effect. We shall ap-
proximate P by its value for resonance, but we could make
the simpler approximation that P is zero. For either ap-
proximation, a particular integral for arbitrary forcing fune-
tions can be obtained by the method of variation of param-
eters!?:

E= A@ — o) JespOus + i) [ ds -
exp(has + idhs's) fo‘“‘ 7208 d§§ (12)

xLx
7]
o

Fig. 2 Constant spin response to aerodynamic asym-
metry.
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[€alr
where Kar
., . 1.0
£4'(0) = £4(0) =0
A a . A A /o
£i® = exp{—N§ + i[$(8) — ¢'81} 8 o]
N <0
. ) 6
Near resonance, the two integrals in Eq. (12) have quite -~
different character. The integrand for the second integral ol T~
has a frequency of 2¢,’, whereas that for the first has a zero N
frequency and, therefore, a “stationary phase.” The second —  EXACT
integral is much smaller than the first and can be replaced 0 ---- ASYMPTOTIC EQ.(20}
by the first term in an agymptotic expansion!® in the resonance ., 5 il Sl
value of the roll acceleration ¢zr”: o T316
[ 7@ ds = i1@0) — @) 6O - o ,
0 0 10 5 20 30
™

{¢'(s) — &'} Hele)] + ol 9=’ 7))  (13)

The origin for s is taken to be a long distance before the loca-
tion at which resonance occurs, so that the transient part
of £4 can damp out and £4 gives us the trim response to the
forcing function.

The first integral can be simplified by shifting the origin
to the point at which resonance occurs, sz, and rescaling
using ¢zr": :

g = (s — sn) ¢z"/2] "2 (14)

Therefore
Eo= AW — ¢ Jenl(Rs + iBa] X
[ exo(~Kug + itydg +
i(F — ¢) X expli( — ¢)]{explipn) (15)
06 =¢—&'q— ¢z
= 2K, *[exp(—K,q) + Kpq — 1] (16)
where

(7) = ( )ler"/2| 202

For the simple case of constant roll acceleration, K, = 0,
¢r” = K;, and 8 = 2 The scale factor in Eq. (14) was
selected to give this simple result. :

We can now replace the large negative number ¢o by — o
in the lower limit of the integral, omit the small term added
to the integral; and divide by Kz to obtain a good approxi-
mate relation for the ratio of the actual variable spin trim
angle to the resonance trim angle:

[£a|Kor™* = an

N exp(Mg) fjm exp(—Nid + 16) dg

Equation (17) shows that the most important parameter of
the problem is Ar = Ay ¢z"/2| ~¥/2. This is the only param-
eter for constant roll acceleration. If varying roll accelera-
tion is considered, the parameter K, = K,|¢r"/2| ~1/* appears
as a secondary parameter.

Asymptotic Expansion of Eq. (17)

Asymptotic expansions of integrals of the form appearing
in Eq. (17) can be obtained by the method of stationary
phase.’* According to this theory, the integral can be ex-

“pressed in terms of functions of the integrand evaluated at
the endpoints and those points at which 6" vanishes. The
results can best be stated by splitting the integral into an
integral from — o to 0 and one from 0 to ¢. If terms up to
but not including those of order | ¢z"| ~¥2 are retained, Ref.

Fig. 3 Varying spin response at resonance vs ratio of
damping to roll acceleration, Ay = \|dr"/2|~V2

13 provides us with the following relations for ¢z” > 0:
0 _ 7r1/2 .
f_m exp(—MA\ig + ¢6) dg = (7>[(1 4 ia)e™/* + 4b)
(18)
q < . wl/2 . .
fo exp(—Aig + 16) dg = (7)[(1 + ta)e™i/*t — 4b] —

i exp[—Ng + 6(q)]
6'(q)

(19)

where
a = [7\12 + XIKP + %‘Kp2]/4
b= [+ %K,,]qr—l/z

If ¢z” is negative, the right sides of Egs. (18) and (19) should
be replaced by their complex conjugates.

Constant Roll Acceleration

We shall now consider the special case of constant roll
acceleration in some detail. Equations (17) and (18) can
be used to give an approximate relation for| £4| at resonance:

|642Ksr™! = (@V2/2)[[Xs 4+ (N3/4))em™/* + ikl 12|
(20)

For ¢ = 0, the integral in Eq. (17) can be computed exactly
in terms of Fresnel integrals.'* The results are compared
with Eq. (20) in Fig. 3. We see reasonably good agreement
for —X; less than 0.6.

After the spin rate accelerates through resonance, the
response angle continues to grow. The asymptotic relation
now becomes

£ Kop™t = ]1r1/2[X1 + iNE/4] exp(hig) +
Nexpli(e? — 3m/4)1/29] (2D

This relation is not good near resonance, since the second
term becomes infinite. However, we see that near ¢* =
3m/4 the two terms are additive, and a maximum should
exist near there.

The exact location of this maximum can be found by
differentiating Eq. (17), setting the result equal to zero, and
finding the root close to ¢* = 3r/4. A curve of Qmax VS
— M is obtained by this method and plotted in Tig. 4. In
Fig. 5, the corresponding curve of |Ea|mex is plotted vs — A
by use of Eq. (17). The values of ¢max are also used in the
approximate Eq. (21) and the result given in Fig. 5. The
good agreement of these two curves is quite encouraging.
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Fig. 4 Location of maximum varying spin response vs \.

Equation (21) gives only the magnitude of the angular
motion after resonance. If we use the asymptotic relations
for Eq. (15), the variation in orientation of the total angle of
attack can be seen:

£ = A{(¢ — )21 + i(Ni2/4)] X
exp[(M + 61)q + i(x/4 + ¢r)] —
|¢R”/2$ 1/2iei¢(¢/ . ¢1l)—1(¢1 — ¢2/) —1} (22)

The second term in Eq. (22) is the usual trim angle for con-
stant spin rate. The effect of the spin varying through
resonance is to add a disturbance that rotates at the fast fre-
quency, not the spin frequency, and that is damped at the
damping rate of the fast frequency. The amplitude of this
disturbance is a function of the spin acceleration and can be
computed approximately by Eq. (22) or exactly by Eq. (17).

Comparison with Exact Calculations

In Refs. 9 and 10, a number of computations of Eq. (5) are
done for actual missiles. The particular parameters for these
calculations are given in Table 1 and plotted in Figs. 3 and
5. Here again, the agreement is good. As can be seen from
the table, values of K, are not zero for Ref. 9 results, but
they are small compared with corresponding values of \;.
Thus we can compare these cases with the predictions for
constant spin acceleration. The discrepancies for these re-
sults, however, may be due to the nonzero values of K,.

The T108 and T316 are quite different missiles, and their
behavior as given in Ref. 9 appears to be unrelated. Figure

[€almax.
Kagr
1.0
[e) I
/
8 P B~
p) ~
’, ™
/
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6 5
¥
v, .
—— EXACT
4 ---= ASYMPTOTIC EQ.(2 1)
A NOL TR 63-241
O Tios
0 136
2
% 0 - 20 3.0
_xl

Fig. 5 Maximum varying spin response vs \;.
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Table 1 Parameters used in exact calculations

Case K, M &' |talpKar™" [£4|maxKar~t
T108 0.05 —1.25 9.6 0.68 0.91
T108 0.08 —1.82 14.0 0.81 0.96
T108 0.11 —2.44 18.8 0.89 - 0.99
T316 0.04 —0.23 15.3 0.16 0.36
T316 0.06 —0.34 22.4 0.21 0.48
T316 0.08 —0.44 29.0 0.25 0.58
NOL 0 —0.20 7.3 0.17 0.32
NOL 0 —0.29 10.3 0.24 0.41

5 shows that these results can be related by the parameter
M. The T108 has high values of this parameter and achieves
over 90% of K;z, whereas the T316 has much lower values
and achieves about 40609, of K3z.

Spin Lock-In

It is a very common occurrence for a missile spinning
through resonance to “lock in’* at resonance spin rate for
some distance along its flight path. For this case,

0lock-in = 0(Q) q < 0
=0 0<qg<qg* (23)
= 6(¢ — ¢% g*<gq

where ¢* is the point on the flight path at which the spin rate
breaks out of “lock-in,” and 8(g) is given by Eq. (16). The
magnitude of the angular motion can then be computed from
Eq. (17) for this rolling motion: ‘

- - - 0 -

(EaKan = [Rep() [ exp(—Rug + i0) dg +
exp(hig) — 1‘ 0<g<g* ()

. - e [0 - .

[EalRent = exo(Rup)l%s [ exp(=Kig + i6) dg +

Noexp(—Rag®) [[77 exp(—Rug + i6) dg +

1 - exp(—qu*)l * <q (25)
The integrals in Eqs. (24) and (25) can be easily approximated
by asymptotic expressions from Eqs. (18) and (19). The
value of ¢* unfortunately depends on the nonlinear roll

lock-in moments and is quite difficult to estimate.
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Response of Flight Vehicles to Nonstationary

Atmospheric Turbulence

L. J. HoweLr*
Convair Aerospace Division, General Dynamics Corporation, San Diego, Calif.

AND

Y. K. Lint
University of Illinois, Urbana, 1.

Exploratory studies are made on the feasibility of using the theory of nonstationary random

processes in the vehicle-response analysis.

To this end, response statistics are computed for

the plunging rigid body motion of the vehicle traveling in a nonstationary turbulence field.

The approach is an adaptation of Priestley’s evolutionary spectral analysis.

Further assum-

ing that the turbulence field is Gaussian distributed expressions for the ensemble average of
the threshold crossing rate and the probability density of response peak magnitude condi-
tional on the occurrence of a peak are derived. Numerical examples presented in the paper
clearly demonstrate that a nonstationary analysis is not only feasible but it also rectifies an
unconservative aspect of the traditional stationary approach which cannot account for pos-

sible transient overloads.

Introduction

HE statistical approach to the dynamic analysis of flight

vehicles subjected to atmospheric turbulence usually pre-
supposes that the turbulence field is homogeneous and iso-
tropic. Then, in the simplest idealization, where a flight
vehicle is treated as a single-degree-of-freedom system, (con-
sidering only the plunging rigid body motion) the forcing
function in the governing differential equation is a stationary
random process. The mean square value of the steady-state
system response can be obtained, therefore, from an integra-
tion over frequency of the product of the spectral density of
the gust velocity and the squared absolute value of an ap-
propriate frequency-response function. Many such analyses
are available in the literature.? Two commonly used spectral
densities for the gust velocity are the Dryden spectrum and
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Calif., April 19-21, 1971; submitted February 5, 1971; revision
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the von Kdrmén spectrum. Also, the gust velocity is gener-
ally assumed to be a Gaussian random process for the con-
venience of computing the statistics of threshold crossing and
peak magnitude of the response.

It has been verified experimentally®.* that the gust velocity
is approximately Gaussian distributed.! However, strong
nonstationarity characteristics are evident in some cases,
especially, for low-altitude turbulence over rough terrain.
That a nonstationary analysis is needed is further evidenced
by the recent treatment of the mean square gust velocity as a
random variable.®

The purpose of this paper is to explore the feasibility of
modeling atmospheric turbulence by a nonstationary random
process in the vehicle response analysis. Sample calculations
will be presented on the statistics of the response including
threshold crossings and peak distribution. In order that the
main features of the nonstationary analysis not be obscured by
computational details, we shall restrict our discussions to a
single-degree-of-freedom system and to two-dimensional in-
compressible flow as in the pioneering stationary analysis of
Fung.? It is interesting to note, however, that such simpli-
fications are commonly made at the preliminary design stage
even for large flight vehicles. For the reader’s convenient
reference, some aspects of the random process theory required
for the present analysis are reviewed in the Appendices.

1 Theoretically, the turbulence velocity can not be exactly
Gaussian distributed.’



