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Introduction

P RESENT-day high-performance aerospace vehicles are
subject to unsteady flowfields which generate highly

nonlinear aerodynamics with strong coupling between
longitudinal and lateral degrees of freedom.1"3 The complex
vehicle dynamics are caused by separated flow effects of
various types and, therefore, usually cannot be predicted by
theoretical means. As a consequence, heavy reliance must be
placed upon existing capabilities for dynamic testing4 where
dynamic support interference5 and dynamic simulation prob-
lems6 add to the difficulty of determining the full-scale,
separated flow characteristics. In this Note existing ex-
perimental results for nonlinear pitch-yaw-roll coupling
phenomena of high-performance aircraft are analyzed to ob-
tain an understanding of the basic fluid mechanic
phenomenon causing body rock.

Discussion
Recently, it has been demonstrated that a pointed forebody

can provide a mechanism for wing rock or body rock. Wing
and tail surfaces could be removed from the model of an ad-
vanced aircraft without stopping the rocking motion. Ob-
viously, it must be the vortices shed from the pointed forebody
that supply the driving mechanism for this body rock motion.
The asymmetric vortex phenomenon has been studied exten-
sively in the case of slender bodies of revolution.7'8 It has been
established that the formation of asymmetric body vortices
can be dominated by the body motion,9 and that the vortex
not lifted-off moves inboard to remain very close to the sur-
face near the center line of the body10'11 (Fig. 1). More recent
experimental results12 support this vortex movement (see Ref.
10 for an explanation of the experimental results11 in Fig. 1).

Placing the cockpit in the inset sketch of Fig. 1 and con-
sidering the data by Fidler13 (Fig. 2), one begins to see that this
flow mechanism could be the cause of "body rock." It is
shown in Ref. 14 that, at a critical Reynolds number, negative
Magnus lift of large magnitude will be generated at very
modest rotation rates on a circular cylinder. Reference 9
describes how this flow phenomenon, which is caused by
moving-wall effects on boundary-layer transition,14 can ex-
plain the results in Fig. 2. That is, the direction of even a very
slow rotation determines the direction of the vortex
asymmetry.

Based upon these experimental results, one obtains Fig. 3 as
a possible explanation for the vortex-induced effects on the
cockpit. At t^ t ] 9 the body is assumed to receive the indicated
rotational perturbation. The upstream moving-wall effect
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Fig. 1 Correlation of vortex-induced effects of a tangent ogive at
0 = 0 and Re = 0.3 x 106 on CN(a) and CYM (Ref. 11).
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Fig. 2 Effect of spinning nose tip on vortex-induced side force at

causes transition to move ahead of flow separation, thereby
changing the separation from subcritical to supercritical, as is
indicated in Fig. 3. The asymmetric vortex close to the body
generates suction on the cockpit, thereby driving the rolling
motion. At t = t2, the cockpit has rotated to a position where it
interferes with the flow separation, triggering a change from
supercritical to subcritical separation. This generates a restor-
ing rolling moment which will reverse the roll direction some-
time between t = t2 and t3. At t< t3 the roll rate is large enough
to cause transition,14 changing the flow separation from sub-
critical to supercritical and generating a driving rolling mo-
ment at <t> = 0, as indicated for t = t3.
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Fig. 3 Interaction between asymmetric forebody vortices and air-
craft canopy.

The situation is somewhat similar to that for the slender
wing rock.15'16 That is, a switch of vortex asymmetry generates
the aerodynamic spring, and the associated time lag generates
negative aerodynamic damping. The difference is that, in the
present case of body rock, moving-wall effects add an impor-
tant dynamically destabilizing flow mechanism.

The experimentally observed body rock17 was obtained on a
model that only had the roll degree of freedom (DOF). For an
aircraft in free flight the asymmetry will generate the largest
effect in the yaw DOF. That is, the motion will be nose-slice-
dominated with relatively weak feedback from the roll DOF il-
lustrated in Fig. 3. Recent test results18 for a cone-cylinder,
describing a coning motion at high angles of attack, illustrate
the effect of nose-slice on the asymmetric vortex pair
generated by a pointed slender nose (Fig. 4). The authors
describe how only a slight push was needed to establish the
coning motion in one direction or the other, regardless of the
fact that the measured static side force was biased in one direc-
tion due to nose microasymmetries.7'8 The body reached very
nearly equal steady-state coning rates in positive and negative
rotation (Fig. 4). That is, the motion dominated over the static
asymmetry, locking-in the vortex asymmetry in the direction
of the body motion.

A mechanism that can cause this vortex asymmetry lock-in
is the moving-wall effect described earlier for the rotating
cylinder.14 The situation sketched in Fig. 5 depicts the case of
a coning motion.10 The lateral motion of the circular cross sec-
tion causes the flow separation to be delayed on the advancing
side and promoted on the retreating side due to moving-wall
effects very similar to those discussed in Ref. 14. Thus, the
motion generates a force that drives it until the equilibrium
coning rate is reached (Fig. 4).

Thus, the asymmetric vortices from a slender nose at high
angles of attack can drive the nose-slice motion even without
any downstream interference with an aircraft canopy^or tail
surfaces. With an aft fin present, a strong coupling is possible
between pitch and yaw motion due to the interference effects

-10 -

Fig. 4 Coning characteristics of cone-cylinder body at 0 = 0 and
a<60 deg.18

Fig. 5 Effect of coning motion on subcritical flow asymmetry.1

from the nose-generated symmetric or asymmetric vortex pair,
as is illustrated by experimental results.19'20

It should be noted that the flow mechanism for body rock
exists in a limited range of a. and Re only. Of course, the
critical Reynolds number range may be relatively wide, since
the transition-induced separation asymmetry can develop
anywhere between the nose tip and nose shoulder on a pointed
ogive or cone as the Reynolds number changes.21

In view of the fact that all of the nonlinear aerodynamic
phenomena discussed above are generated by separated flow,
one has to be greatly concerned about the applicability of
subscale test data to full-scale flight conditions. Examples of
the various types of simulation problems that can be en-
countered are given in Refs. 6, 22, and 23.
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Nomenclature
= noise level coefficients for aircraft /
= composite noise level coefficients for trajectory k
= noise source index
= trajectory index
= sound level produced by a single source delivering

the same power density as Ns sources
= average day-night noise level
= sound level from source /
= sound level from Ns sources
= number of sound level samples taken in 24 h
= number of sound sources
= number of trajectories

„*cl,k,
i
k
L*

N

2,k

r = distant (slant range) from aircraft
t = time index for sampling sound levels
Wi,wt = time-of-day weighting factor associated with

human perception of noise levels, = 1 from 7 a.m.
to 7 p.m., = 10 otherwise

Introduction

I N the analysis of aircraft noise effects on a community it
has been found1 that the separate calculation of noise levels

from each aircraft contributes a significant portion of the
overall computations (i.e., evaluations of noise levels and ef-
fects on the population). A method for reducing the amount
of computation needed to determine these noise levels is
presented. It is assumed that each aircraft can be assigned to
one of several known flight paths (or that any deviations from
these paths do not significantly alter the noise field on the
ground).

Adding Sound Energy
The exact expression for the total sound level2 (using any

power-intensity related scale) contributed from Ns sources is

70V" (1)
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where L, is the level produced by the /th source. Addition of
the individual sound levels implicitly assumes incoherent in-
terference of the acoustic waves, and is commonly referred to
as "addition on an energy basis"; however, power density ad-
dition would be a more accurate characterization. Neverthe-
less, it provides a means for calculating the sound level from
various aircraft operating in a community.

Under the assumption of isotropy in the far-field propaga-
tion of aircraft sound, the approximation for the level at
distance r from the /th source is

(2)

Using data obtained from the Integrated Noise Model,3

values of c1 and c2 were calculated from least-square-error
fits, and the results are shown in Table 1. A plot of sound level
(in this case, the A -weighted level, LA) vs r for Boeing
737-100/200 aircraft appears in Fig. 1.

The concept of "energy addition" is also employed in
various other measures of noise, notably those that include
some weighting of the incident power based upon the time of
day and the resulting human perception of the sound level.
For example, the average day-night level Ld.n is defined as

(3)

Clearly, Ld.n is based upon a weighted average over time of
the incident power. The order of occurrence of the various
sound level contributions is irrelevant, as long as the ap-
propriate weighting is assigned to each.

This concept raises the possibility, for simulation purposes,
of replacing a number of aircraft moving along a specified tra-
jectory with a single "equivalent source" that delivers the
same weighted average power distribution to points on the
ground.

Composite Model
Using Eqs. (1) and (2), and continuing to use Ld.n as the

prototype, the equivalent level at distance r from all sources
on the kih trajectory is

L*k(r)=10\og1 (4)


