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Abstract

UMEROUS investigations have been performed on the

dynamic response of aircraft to continuous atmospheric
turbulence (gust) by assuming that the turbulence field can be
modeled as one, or a number of individually Gaussian and
stationary patches. However, the observed statistical pro-
perties of atmospheric turbulence encountered by aircraft,
especially those with the highest severity and potentially most
destructive, are in many cases non-Gaussian. For instance,
Ref. 1 deals with the aeronautical effects of surface winds and
gusts. The investigation revealed that turbulence can rarely be
realistically represented by a Gaussian process. This paper
describes a non-Gaussian model for continuous atmospheric
turbulence based on zero-memory transformation of a
Gaussian model. Single or multiple transformation para-
meters are used to control the severity and other statistical
characteristics of the non-Gaussian process. The composite
nature of gust patches of various intensity is accounted for
through the accumulative statistics.

Methods to predict the aircraft response statistics to the
non-Gaussian gust model are developed by approximating the
response integral as its Riemann sum. Application of the
-probabilistic theory indicates that the statistical properties of
response can be expressed in multifold integral forms and its
moments can be expressed in explicit forms.

Contents
Experience has shown that the Gaussian gust model for
stationary atmospheric turbulence within a patch leads to an
underestimate of the occurrences of high-velocity gusts. The
non-Gaussian gust model X(¢) demonstrated here is
established by applying the hyperbolic sine function to a
Gaussian process, Y (#):
X(1)=glY (1)) =(20,/B)sinh(yY/oy) (H
where oy and o are the standard deviations, 3 is a parameter,
and

y=[%0(82/2+1D)]" 2
Inversely,
Y(1) =X (1)} =(oy/y)sinh =" (BX/20 ) €)
The probability density function of X, =X (¢,) is
Py, (x)=(21) =" (B/2y0ox) [1 + (Bx/20x)?] ~"
-exp{ — (2y?) ~'[sinh =/ (Bx/20x)]} 4
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The higher-order moments of the stationary random process
X (t) may be computed by

E[X*)=0%(B*/8+B% +3) (5a)

206 (B2/2+1)°—6(B%/2+1)*+15(B%?/2+1)—-10
Ox

E[Xf]= 5

(5b)

The expected rate of x-threshold crossings from below may be
expressed as

Ny (x) =Ny (0)exp{— (2y?) ~/[sinh =/ (Bx/20x)]?} (6)

where

Nx(0)=(ox/2max) (B/2y) (1 +B%/4) =" @)

Comparison of the statistical properties, including the
probability density distribution, the exceedance statistics, and
the kurtosis coefficient of the non-Gaussian gust model vs the
parameter 3 are given in Fig. 1. From the plots, it can be seen
that the patchy character of the non-Gaussian process (i.e., a
higher probability for high gust velocities) is controlled by
parameter (3.

The composite gust model is made up of a number of
patches of turbulent air of different severity, each stationary
in character, encountered in random fashion. The random
intensity distribution is represented by a probability function
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Fig. 1 Statistical properties of the non-Gaussian gust model: a)

probability density, b) exceedance statistics, ¢) kurtosis coefficient.
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Fig. 2 Comparison of observed data to analytical predictions of
composite non-Gaussian gust model: a) cumulative probability
density, b) cumulative probability of exceedance.
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Fig. 3 Predicted response statistics for airplane plunging velocity to
uniformly distributed non-Gaussian gusts.

P_(0yx). Assuming that the non-Gaussian transformation
parameter (3 is constant for the various patches, the
cumulative probability density function and the cumulative
expected rate of level threshold crossings (from below) may be
computed. By fitting the computed results to the
corresponding curves of available experimental data, the
value of 3 that yields the best agreement with the test data
may be determined. For example, the empirical LO-LOCAT
data for all contour flight conditions? are used to verify the
non-Gaussian gust model. Using 8=0.8 for the analytical
model, the resulting cumulative probability density
distribution and normalized cumulative probability of ex-
ceedance for the vertical gust are plotted over experimental
data. The results are shown in Fig. 2. Also plotted in the
figure are the curves corresponding to the composite Gaussian
model (3 =0).

The statistical prediction of aircraft response to the
proposed non-Gaussian gust model is developed based on the
probabilistic theory for stationary random process. Consider
the response Z(¢) as an integral of the stationary non-
Gaussian gust X(¢) and the impulse response function 4,
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whose Fourier transformation H (w) exists. The response may
be approximated by

N
=Y xn ®)
j=1

By definition, the characteristic function of Z may be
expressed in terms of the characteristic function of X by
means of Eq. (8):

My () =E[exp(i6Z)] =M, x, (0h,,...,0hy) )
Note that M y, is the multifold Fourier transform of the non-
Gaussian joint probability density function p,y; (X,,....Xy).
The inverse Fourier transform of M, (8) gives the probability
density function of Z:

pe@=hi' o N S @OP @)

-dy,...dyn (10)

where

o=%4immnﬂﬁ, (an

j=2

A similar expression may be obtained for the expect rate of z-
threshold crossings from below. Furthermore, the moments
of the non-Gaussian gust response can be expressed in explicit
forms (m =even):

exp(y?/2) 3 -
Bz =oy| TR b
z (,BA) j[Z:] jE fm
2 2 lid n
. EI El‘anl a, eXp<72 ; /(Z):lva,,‘,ankpj‘,jk> 12)
ny= = =
where

Azo'z/o'x, a1=1, 022‘1, pjk=pkj=a)72E[YJYk]

The probability density function and the exceedance
statistics of the response may be calculated by multifold
numerical integration technique. The response of a Northrop
F-5A airplane considering plunging and pitching modes
subjected to uniformly distributed non-Gaussian gust is
formulated, and the response statistics of the plunging mode
are presented in Fig. 3 vs those for the Gaussian case. The
corresponding kurtosis coefficient E{Z¥]/0% is 3.52. As ex-
pected, the numerical results indicate that the proposed model
predicts higher probability of large responses than those
yielded by the Gaussian model, which is important to
structural designers.
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