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Nomenclature
A = reference area irdz/4, ft2

CM a = pitching moment stability coefficient Ma/(QAd),
rad-1

Cnq + CM* — damping moment stability coefficient (Mq +
Ma)/(QAdz/2V), rad-1

CMP<X = Magnus moment stability coefficient Mpaf
(QAdz/2V), rad~2

d = reference length, ft
MO = Mach number
Q = dynamic pressure, lb/ft2

V = velocity, fps
a = angle of attack, deg
\OL\ = magnitude of the complex angle of attack, deg

Introduction

VARIOUS weapon systems have experienced serious flight
instabilities causing large wobbling motions and conse-

quent inaccuracies. Since observed flight instabilities are not
readily explainable by the linear aeroballistic theory,1 it is
necessary to employ nonlinear techniques.2?3 Dynamic wind
tunnel tests were conducted in order to establish the non-
linearities of the aerodynamic stability coefficients. The
various types of tests and configurations covered in this in-
vestigation are as follows: 1) one-degree-of-freedom (1-D)
free oscillation tests of the Snakeye Bomb in the transonic
facility of the U.S. Naval Ship Research and Development
Center (NSRDC), 2) 1-D test of the Low-Drag Bomb in the
subsonic wind-tunnel at the Univ. of Notre Dame, 3) three-
degree-of-freedom tests4 of the 2.75 in. Folding Fin Aircraft
Rocket (FFAR) in the Notre Dame subsonic tunnel, 4) super-
sonic free-flight wind-tunnel tests of the 2.75 in. FFAR in the
Jet Propulsion Laboratory facility, and 5) full-scale free-
flight tests of the Split-Skirt Bomb by the Weapons Research
Establishment of Australia.5
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Fig. 1 The snakeye bomb.
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In order to determine the nonlinear aerodynamic stability
coefficients for these configurations, the theory of Ref. 3 was
fitted to the missile's angular motion, using the "Wobble"
computer program.6 This program fits the epicyclic theory
to overlapping sections of angular data. In this manner, the
angle of attack variations of the restoring, damping, and
Magnus moment coefficients can be obtained from a single set
of experimental data. The nonlinear variation of the co-
efficients was specified as a polynomial function of the mag-
nitude of the angle of attack in the following manner: 1) the
restoring moment, Cma(\a\) = Cmm + Cmm |a|2, 2) the damp-
ing moment, (Cmq + CmdXH) = (Cmq + CW)0 + (Cmq +
Crod)2|a|2, and 3) the Magnus moment, Cmpa(\ct\) = Cmpa +

Wind-Tunnel Results
Transonic wind-tunnel tests were conducted on the unre-

tarded Snakeye Bomb (Fig. 1) at the NSRDC employing a
1-D free oscillation technique. Figure 2 shows the computed
variations of restoring moment and damping moment co-
efficients. It is apparent that these stability coefficients are
nonlinear in a and that static and dynamic instabilities may
occur at increasing values of MQ and a. In addition, it was
observed during the tests that, at M0 = 0.85, normal shocks
formed on the fins, causing static instability to occur at low a.
It is recommended that further investigations be conducted to
examine the possibility of eliminating this shock-fin interac-
tion.

1-D free oscillation tests were conducted in the subsonic
wind tunnel at Notre Dame on the Low-Drag Bomb with
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Fig. 3 Model and fin con-
figurations of the low-drag

bomb (M0 = 0.1).
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three different fin configurations (Fig. 3). It should be noted
that all three fin configurations have the same span. Figures
4 and 5 show Cma and Cmq + Cm«, respectively, as functions of
a for roll orientations <£ of 0° and 45°. For both $'s the de-
gree of static stability varies inversely to the aspect ratio for
the fin configurations tested. Static stability is greater at
<£ = 0° than at $ = 45° for all fin configurations. Figure 6
indicates that damping stability is also better at $ = 0°.
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Fig. 5 Damping
moment stability
coefficient for the
low-drag bomb (M0

= 0.1).
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Three-degree-of-freedom (pitch, yaw, and roll) wind-tunnel
tests were conducted on the 2.75 in. FFAR in the subsonic
tunnel at Notre Dame. These tests utilized a jewel bearing-
support system which minimizes the nonaerodynamic fric-
tion. This model (Fig. 6) had a wrap-around three finned tail
assembly.

The model exhibited a precession limit cycle at |«| c^ 2°.
At |a| > 20°, however, a nutation limit cycle was observed.
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Fig. 6 Wind-
tunnel model of
the 2.75 in. FFAR.

Fig. 7 Restoring,
damping, and mag-
nus moment sta-
bility coefficients
for the 2.75 in. FFAR
from 3-D wind-tun-
nel tests (M0 = 0.1).
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In order to obtain quantitative results, angular motions were
analyzed for 3° < |«| < 18°. CW(|a|), (Cmq + CWXM) and
CmPa(\a\) are presented in Fig. 7. The restoring and damping
moments are essentially insensitive to |a|, but the Magnus
moment exhibits a strong nonlinear variation with |«|, in-
dicating the possibility of a precession instability at low |a|
and a nutation instability at |a| > 13° for the full-scale con-

Fig. 8 Restoring, damp-
ing, and magnus-moment
stability coefficients for
2.75 in. FFAR from super-
sonic free-flight wind-
tunnel tests (M0 = 1.8).

figuration. These results agree with the dynamic behavior of
the 2.75 in. FFAR observed in the wind-tunnel tests'.

Free-flight wind-tunnel tests of the 2.75 in. FFAR with a
cruciform curved fin configuration were conducted at the Jet
Propulsion Laboratory (JPL). Cma, Cmq + Cm*, and Cmpa vs
|a| are shown in Fig. 8. It is seen that Cmp<x changes sign from
negative to positive at |«| c^ 8°. These data indicate the pos-
sibility of a precession instability at low |a| and a nutation
instability at larger |«|. These trends are consistent with the
results obtained from the aforementioned subsonic tests.

Full scale drop tests of the Split-Skirt Bomb (Fig. 9) were
conducted at the Woomera Test Range, Salisbury, Australia.
Values of Cma, Cmq + Cm« and Cmpa at |a| = 7° and 12° as ob-
tained from the "Wobble" analysis of the angular motion are

Fig. 9 The split-
skirt bomb.
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Table 1 Restoring, damping and magnus moment
stability coefficients for the split-skirt bomb from

free-flight tests

!«;
7°

12°

cma
(rad-1)

-0.7
-2.8

Cmq + Cm*
(rad-1)

-49.0
-49.0

Cmpa
(rad ~2)

15.0
18.0

given in Table 1. As seen from these data, the restoring and
Magnus moment are nonlinear with |a|, while the damping re-
mained constant.

Conclusion

This investigation has shown that the restoring, damping,
and Magnus moments must be considered as nonlinear func-
tions of angle of attack for those configurations tested. It is
evident, from these tests, that in order to accurately predict
dynamic stability of ordnance weapons, the nonlinear varia-
tions of the aerodynamic stability coefficients must be ac-
counted for. Furthermore, this study has demonstrated the
requirement for additional dynamic testing and nonlinear
evaluations of dynamic stability of current and future
ordnance weapons designs.
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Nomenclature
A t = geometric throat area
A * = effective throat area, A tCn
B,C = constants in aerobell theory
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c* = characteristic velocity, PCA *gc/w
CD = discharge coefficient at throat, wactuai/^ideai
CF = nozzle vacuum thrust coefficient, F/P0A *
CV(id,e*) = ideal CF at a specified e* and 7
CF* = ideal CF at sonic conditions, F*/P0A*
CVp(irlv) = inviscid CF of primary nozzle
F = nozzle axial thrust (vacuum conditions)
gc = gravitational units conversion factor
I = vacuum specific impulse, F/w, c*Cp/gc
Ki,K^Kz = constants in aerobell theory
MW = molecular weight
P,PW = pressure and wall static pressure
Pos* = effective stagnation pressure of secondary flow
R = universal gas constant
Rt = throat radius
T = temperature
w = weight flowrate
(3 = oblique shock angle (Fig. 2)
y = specific heat ratio
5 = loss factor relative to ideal expansion
e* = effective area ratio, Ae/A*
ti* = effective area ratio at secondary injection location,

Ai/Af
e0* = effective overall area ratio of aerobell, Ae/Ap*
e'p = area ratio of primary flow after being displaced by

the secondary flow, A'PJAP*
rjp = nozzle vacuum thrust efficiency, CV/CVad.e*)
6 = flow angle downstream of oblique shock relative to

upstream flow (Fig. 2)
Be = nozzle wall angle at exit plane
£ = wscs*/wpCp*; £o = value at Region 1-2 interface

Superscripts
* = sonic conditions
' = properties of flow displaced by secondary flow

Subscripts
1,2

B,c,E =
e,i
o,p,s
t,w =

-- upstream and downstream of oblique shock, re-
spectively

= base, chamber (primary), and engine, respectively
= exit and injection conditions, respectively
= stagnation, primary, and secondary, respectively
= throat and wall, respectively

Introduction

THIS Note presents simple analytical and semiempirical
methods for determining the effects of secondary flow in-

jection on engine performance. Three methods of secondary
flow injection into bell nozzles are considered: subsonic flow
through a porous mesh or slots in the expansion nozzle walls,
supersonic tangential secondary injection through an annular
nozzle, and subsonic injection into the base region of an aero-
bell nozzle using a downstream facing step discontinuity
(Fig. 1). The results are compared with cold-flow and simu-
lated hot-flow experimental data. Details on the aerobell
nozzle concept and the models tested have been previously re-
ported.1-2

Theoretical Models

For systems utilizing secondary flow, the vacuum thrust
coefficient and the engine vacuum specific impulse are

CF = Fgc/(wpcp* + wscs*)

IE = F/(wp + ws)

(D

(2)

A required input is the vacuum thrust performance in the
absence of secondary flow. For nozzles with continuous or
nearly continuous wall contours (Figs, la and Ib), the method
of characteristics is used to compute the inviscid flowfield
between the throat and the exit plane assuming shifting
equilibrium flow. The resulting CVp(inv) is compared with the
ideal one-dimensional value based on the effective area ratio
ep* to compute the divergence loss, 5div = 1 — CVp(inv)/
Cpp(id, ep*)« A solution for the boundary layer yields the
friction drag loss, ddrag = ACV^^/C^pCid, €P*). Similarly, we


