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Response of B-2 Aircraft to Nonuniform Spanwise Turbulence

John P. Crimaldi,* Robert T. Britt,f and William P. Roddenz
Northrop Corporation B-2 Division, Pico Rivera, California 90660

Design load requirements for random gusts prescribe a one-dimensional gust field, i.e., a field that is uniform
spanwise for a vertical gust. By definition, such a gust will produce purely symmetric vehicle response with
corresponding symmetric stresses. The more general case of a three-dimensional gust will cause an asymmetric
response. The difference in response characteristics which may result are exemplified by the fact that at the
centerline of a flying wing, symmetric shear and torsion are zero, whereas, the asymmetric values are not.
Solution techniques based on cross-spectral methods have been applied to the B-2 aircraft to assess the nonuniform
spanwise gust response characteristics. Results are presented comparing key vehicle response parameters for
uniform and nonuniform gust loading. It is concluded that the uniform gust model generally produces the higher
loads and that no additional design conditions are derived from the nonuniform gust loading.

Nomenclature

A = normalized root-mean-square response

H,) = frequency response matrix

1A = diagonal editor matrix

K, = covariance matrix

K., = modified spherical Bessel function of the third
kind of order x/y

L = gust scale of turbulence

No = mean frequency of zero crossings

[PHF2] = MSC/NASTRAN generalized gust force matrix

plx,y) = bivariate Gaussian probability density function

[QHJL] = MSC/NASTRAN force-downwash influence
coefficient matrix

q = dynamic pressure

S = gust correlation strip separation distance

v = velocity

[w,] = gust downwash matrix

r = gamma function

Yy = cross-correlation coefficient between responses
iandj

v = reduced frequency, wl/V

o = dimensionless spanwise separation distance,
S/L

a, = gust root-mean-square velocity

[&,] = gust cross-spectral density matrix

[¢,] = response cross-spectral density matrix

w = circular frequency

Introduction

ESIGN load requirements for random gusts'-* prescribe

one-dimensional gust fields, i.c., fields that are uniform
spanwise for a vertical gust and uniform in the vertical direc-
tion for a lateral gust, The variation in the lateral and vertical
gust velocities is only accounted for along the longitudinal
axis, and the aircraft response to the lateral and vertical gust
are treated independently. By definition, the vertical gust will

Presented as Paper 91-1048 at the AIAA/ASME/ASCE/AHS/ASC
32nd Structures, Structural Dynamics, and Materials Conference,
Baltimore, MD, April 8-10, 1991; reccived Apnl 8, 1991; revision
received July 12, 1992; accepted for publication July 21, 1992.
Copyright © 1991 by the American Institute of Acronautics and
Astronautics, Inc. All rights reserved.

*Engineer, Structural Dynamics Department, 8%00 East Washing-
ton Boulevard,

fManager, Loads Department, 8900 East Washington Boulevard.
Member ATAA.

tConsultant, 8900 East Washington Boulevard. Fellow AIAA.

652

produce a symmetrical vehicle response with corresponding
symmetrical stresses, and the lateral gust will produce an an-
tisymmetrical response with corresponding antisymmetrical
stresses. Criteria for defining the corresponding design loads
utilize these gust response characteristics in conjunction with
specified turbulence field parameters, limit load exceedance
requirements, and factors applied to the root-mean-square
(rms) responses to arrive at “limit” loads. Most of these cri-
teria are based upon studies of successful aircraft that relied
on one-dimensional analysis techniques for deriving the ap-
propriate requirements.*#

The more general case of a three-dimensional gust will
cause an asymmetric response, i.e., a combination of sym-
metric and antisymmetric responses. The one-dimensional as-
sumption (spanwise uniformity for the vertical gust) can be
unconservative, as exemplified by the fact that at the center-
line of a flying wing symmetric shear and torsion are zero,
whereas, the asymmetric values are not. This concern is not
new and has been expressed in Refs. 5-9. Therefore, the
problem is to determine how much coupling exists between
the symmetric and antisymmetric responses of the vehicle for
the general three-dimensional case.

Eichenbaum® has presented comparisons between one-di-
mensional and three-dimensional analyses for the C-5A air-
craft. The results showed a decrease in loading on the wing
while there was a small increase on the horizontal stabilizer.
These results were explained by the cffects of spanwise-
averaging on the symmetric responses and the relative con-
tributions of the antisymmetric responses to the overall loads
on the components. These results were verified in part by
comparison to flight test data which showed that the three-
dimensional results compared much better to test data than
did the one-dimensional results when assuming the von Kar-
mén turbulence model.

Hoblit'* has summarized comparisons of one-dimensional
and three-dimensional analyses performed on the L-1011 air-
craft. The results generally showed that the effect of the three-
dimensional analysis is to reduce wing shear and bending
moment responses. However, significant increases in wing
torsion inboard of the engine were noted due to excitation of
the first antisymmetric bending mode by the spanwise vari-
ation of gust velocity.

Johnston'' compared measured L-1011 aircraft response to
turbulence with both uniform and nonuniform gust analyses.
These comparisons indicated that the nonuniform gust model
more closely matched measured data than did the uniform
gust model.

The USAF/Northrop B-2, because of its low wing loading
and requirement to fly low-altitude terrain-following missions,
includes one-dimensional gust conditions in its design set of



