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SUMMARY

This report documents results of rotorcraft turbulence modeling and simulation
from a collaborative effort between the Georgia Institute of Technology (Georgia Tech),
Florida Atlantic University (FAU) and NASA Ames Research Center. An important
outcome of the collaboration is the development of a new simulation method for
investigating turbulence effects on rotorcraft. The simulation method takes into account
rotational velocity or blade-fixed sampling effects as well as spatial distribution of
turbulence velocities over the rotor disk. It is exercised in a comprehensive helicopter flight
simulation program to demonstrate qualitatively the blade-fixed sampling effects on vehicle
response to turbulence. Various approximations and simplifications to it are also presented,
which reduce the computational effort and thereby offer promise to large-dimensional
models of comprehensive analysis and real time implementation. The documentation also
includes prediction of isolated blade flapping response to turbulence via state-transition and
input-covariance matrices and the response statistics agree with the simulation results. An
important conclusion is that neglect of blade-fixed sampling effects in modeling and
simulation of atmospheric turbulence can lead to erroneous results of turbulence and
response statistics.



1. INTRODUCTION

In the presence of turbulence, the flight dynamics requirements of military
helicopters are becoming increasingly demanding. Typical examples include nap-of-the-
earth maneuvers, near-ground hovering and landing on moving ships with limited
accessibility. Turbulence also impacts the flight dynamics of other vehicles which combine
the hovering efficiency of the helicopters with the cruising efficiency of airplanes. The tilt
rotor "chugging” problem is a case in point, which is basically a fore-to-aft low-frequency
acceleration of the rigid body mode coupling with the rotor torque mode. It occurs at
relatively low speeds of 150-170 knots and aggravates during descent (Ref. 1). Such
developments prompted an improved appreciation of low altitude turbulence modeling, its
simulation and its effects on flight dynamics; particularly maneuverability, low-frequency
response, stability, pilot's work load, ride quality and flight control system design. In fact,
according to a recent NASA/Army study (Ref. 2), the lack of an adequate low-altitude
turbulence model is a critical gap in assessing helicopter flight dynamics characteristics.
This is well corroborated by comments from pilots "flying" flight simulators. The
consequence is that the state-of-the-art rotorcraft simulators include turbulence models only
in a rudimentary way in that these models developed for airplanes completely neglect the
rotating and translating environment of the rotorcraft. As a result, real-world scenarios are
not generally well simulated; worse still, pilots feel that some of the most severe cases
cannot be duplicated at all (Ref. 3). Given this background and to put the present study in
perspective, three important issues of turbulence modeling and simulation are presented
here; for a state-of-the-art review through 1980 see Ref. 4 and for developments since 1980
see Refs. 5-7.

The first issue deals with the impact of blade rotation in turbulence modeling.
Turbulence is typically modeled on the assumption that it is uniform over the rotor disk.
This means that turbulence as experienced at the hub center is a representative sample of the
entire disk and that the conventional body-fixed description of turbulence is satisfactory.
According to this assumption, as is done for fixed-wing aircraft, the turbulence excitation at
a blade station can be directly represented by models such as due to Dryden and von
Karman. In sharp contrast to this assumption, which implies negligible rotational velocity
effects, extensive investigations of wind turbines have shown dominant rotational velocity
effects on turbulence characteristics and wind turbine blade response (Ref. 8). To present
the role of rotational velocity effects in proper perspective it is expedient to study Fig. 1
(Ref. 9), which refers to an experimental and analytical investigation of a blade station of a



horizontal axis wind-turbine. It includes the predicted spectral density function of the fore-
to-aft or longitudinal turbulence velocity according to the widely used von Karman
turbulence model. This fore-to-aft component being perpendicular to the wind turbine plane
is the most dominant component, as is the axial or vertical component for rotorcraft. Its
auto-power spectral density or APSD is the Fourier transform of the auto-covariance
function of the longitudinal turbulence velocity at one blade station. To capture the
rotational velocity effects the data base was generated from the sampling of measurements
along a circular array of points which represent the instantaneous loci of this station. The
monotonically decaying behavior is exhibited by the conventional body-fixed description
which fails to capture the two basic features of data: transfer of energy from essentially
low-frequency region (< 1P, P: rotational speed) to the higher-than-1P region and
occurrence of peaks at 1P, 2P, etc. By comparison the blade-fixed sampling description
dramatically improves the correlation. The correlation also shows that the assumptions of
isotropic, homogeneous and momentarily-frozen wave fields are fairly valid at low
altitudes. This overall validity of these assumptions is indeed remarkable, given the
complexities at low-altitude such as earth's boundary layer, closeness to obstacles and low
values of turbulence scale length. Although for rotorcraft no test data on gust response
exist, analytical investigations show that for conventional helicopters (advance ratios
p<0.4) operating at altitudes of 1000 ft or below (turbulence scale L < 12 x rotor radius R)
the widely used approximation of neglecting rotational velocity effects is not satisfactory
(Refs. 9-10).

The second issue deals with spatial distribution of turbulence velocities over the
rotor disk. In the past, the problem of turbulence effects on flight mechanics and vibrations
was almost exclusively treated on the basis of point approximation. It is assumed that the
entire rotor disk experiences a spatially uniform turbulence velocity identical to that at the
rotor center so that each blade station sees the same turbulence velocity at a given time. In
other words, the difference between the turbulence velocity experienced by the blade station
and that experienced by the hub center is ignored. Outside the earth's boundary layer,
where the turbulence scale is 600 ft or more as compared to the disk diameter of 70 ft or so,
this point approximation of a small scale-vehicle encountering a large-scale turbulence is
valid (Ref. 9). Within the earth's boundary layer and dependent on surface structure --
trees, buildings, bridges - the turbulence scale has values that are comparable to the rotor
diameter, so that the assumption of large-scale turbulence or of a uniform turbulence
velocity over the rotor disk is not a good approximation.

The third issue deals with the need for developing a turbulence simulation method
that is suitable for rotorcraft applications. In fixed-wing turbulence studies, it is customary



to use transfer function models of the aircraft and combine them with appropriate
turbulence spectral models for predicting aircraft turbulence response statistics. The
practical utility of such an analysis is due to the facts that the aircraft is treated as a linear
system with time-invariant coefficients and the turbulence is well approximated as a
stationary random process. Indeed, the turbulence excitation is stationary even with
inclusion of spatial distribution effects (Ref. 11) and it is a routine exercise to design
shaping filters; moreover the aircraft response is also stationary and established
methodology exists for its simulation. However, a straightforward application of this
methodology to rotary wing turbulence is not possible. Due to combined translational and
rotational velocities, each blade element traverses through a turbulence field at a different
rate and samples turbulence velocities differently; hence, the simulation methods commonly
used for fixed-wing turbulence are not valid for rotary-wing turbulence analysis. A rotary-
wing vehicle has large periodic variations of its acrodynamic parameters and its response
to turbulence is due to integrated aerodynamic loads from various blade elements.
Therefore turbulence excitation and rotorcraft response to turbulence are both
cyclostationary. References 12 and 13 consider turbulence simulation for rotorcraft
applications based on shaping-filter and related approaches. Reference 14 considers
generating sample functions of stationary turbulence on horizontal axis wind turbines.
However, the simulation methods developed in Refs. 12 to 14 cannot be directly applied to
the case of cyclostationary turbulence as seen by a translating and rotating blade. To
reiterate, this cyclostationarity of turbulence and rotorcraft response requires a new
approach to turbulence simulation methodology.

In summary, there is a need for developing atmospheric turbulence models that
include effects of blade rotational velocity and spatial distribution of turbulence over the
rotor disk. Also, there is a need for developing a simulation method for generating sample
functions of cyclostationary turbulence.



2. OBJECTIVES
The objectives of the research are:

1. Formulate a mathematical model that describes qualitatively and quantitatively the
statistics (e.g., covariance and instantaneous spectral density matrices) of atmospheric
turbulence with reference to rotor blade in forward flight;

2. Develop a method for generating sample functions of turbulence for inclusion in vehicle
simulation programs;

3. Develop approximations and simplifications to the turbulence simulation method towards
real time implementation; and

4. Investigate the effects of turbulence on isolated blade flap-response statistics of
covariance, frequency-time spectrum and average threshold-crossing rates.



3. TURBULENCE MODELING

The helicopter rotor disk experiences a complex three-dimensional turbulence. The
treatment here is based on the von Karman theory of isotropic and homogeneous turbulence
and on the Taylor hypothesis of momentarily frozen turbulence field (Refs. 4, 10).
Extensive experimental data with respect to airplanes (Ref. 11) and wind turbines (e.g.,
Ref. 8) show that the von Karman theory and the Taylor hypothesis are reasonably valid.
They also show that turbulence is approximately Gaussian as well. With respect to
rotorcraft, similar experimental data are not available. However, following earlier studies,
(e.g., Refs. 3-7 and 9-10) it is assumed that the rotor disk experiences essentially free
atmospheric turbulence with negligible influence of self induced turbulence and that the
vertical turbulence velocity is the most dominant component compared to the turbulence
velocity components in the fore-to-aft and lateral directions. It is emphasized that the
vertical turbulence is treated in a three-dimensional gust field by accounting for variations
of blade-station coordinates in the fore-to-aft, lateral and vertical directions. However, for
illustration the results are for level-flight conditions, when the turbulence field is two-
dimensional.

All the information necessary to develop the dynamic equations describing the
atmospheric turbulence velocity field experienced by a blade element is contained in the
atmospheric turbulence velocity correlation matrix (Ref. 10). As shown schematically in
Fig. 2 (sketches 1 and 2), subscripts 1, 2 and 3, respectively, refer to mean wind, lateral
and vertical directions. For homogeneous and isotropic turbulence, the covariance matrix in
one frame of reference can easily be transformed into another frame (Refs. 10, 15). For
algebraic simplicity, the mean tail wind direction coincides with the flight or longitudinal
direction in the present formulation.

As sketched in Fig. 2, A(t) and B(t) are the instantaneous temporal or azimuthal
locations of two stations, and A(t;)B'(t2) or EAB, is the projection of A(t;)B(t2) on the line
in the mean wind direction from A(t;). For isotropic turbulence, the correlation function for
lateral turbulence velocity uy is identical to that of the vertical turbulence velocity u3. From
the von Karman theory, the fundamental longitudinal correlation function f and the
fundamental transverse or lateral correlation function g are
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Several models such as due to von Karman, Dryden, Rosenbrock, etc. exist in the
literature (Ref. 9, 11, 16) for the fundamental longitudinal and lateral correlation functions,
f and g. For example, as per von Karman model, the expressions for the fundamental
longitudinal and lateral correlation functions are given by (Ref. 16)

213 1/3
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where L is scale length of the longitudinal turbulence and K;/3 and Kj/3 are modified
Bessel functions of the second kind of fractional order 1/3 and 2/3, respectively.

The distance metric EAB (sketch 2, Fig. 2) discussed next represents the spatial
separation relative to the mean wind during the lapsed time t5-t;. Theoretically, the nine
elements of the covariance matrix between the three velocity components at A(t;) and at
B(ty) are given by

Ryo € ottt y=———+g8.. i,j=123
UiUJ AB''I’ 2 lglz 1) (5)

In the above equation ; represents spatial separation between A and B in the i-th direction.

Thus, the problem boils down to evaluating the correlation distance or spatial separation
Eap. For example, the cross-correlation function between ujA(t;) and uyB(tp) is

f(€,.)—8& )
E[“?(tl)“g(tz)]=°7{ - 2 - Eaplmm
€ aB

(6)

It is clear from Eq. (6) that for level flight conditions, the velocity pairs [uAty), U3B(t2)],
[u2B(t)), 13A)], [01A), u3B(2)] and [usB(t), u3A(t2)] are not correlated.



E[uftpuf t))]=E[uftpub )] =Hujt pult )]
=E{u§(tl)u§(t2)] =0 )

In order to understand the impact of blade rotational velocity on turbulence
modeling, the case of a helicopter flying straight and level, directly into the mean head
wind, is considered; see Sketch 3 of Fig. 2. Let Vyc and Vi, represent ground speeds of
the rotorcraft and mean head wind , respectively. Airspeed V=V .+Vnw. The (XH, YH,
Zy) and (XB, YB, Zp) systems are the conventional body-fixed and blade-fixed frames,
respectively, in which the Z axis, directed downward, is the plunge direction and
represents both the nonrotating vertical axis Zy of the body-fixed system as well as the
rotating shaft axis Zp of the blade-fixed system. Both systems are right-handed; while Xy
axis represents the flight direction, also referred to as the longitudinal or aft-to-fore
direction, the Xp axis along the blade span represents the radial direction. For blade station
A at EAR distance from the center (0SEA<1), the velocity components relative to the
atmosphere, expressed in inertial or ground-fixed coordinates, are

ax _ ;
g{, =V +§AQRstt
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The distance metric is the vector between two points on the lifting surfaces at two points in
time in the atmospheric frame. Its magnitude is (see sketch 2 in Fig. 2)

lgl = [{XB(tz) - xA(tl)}2 + {YB(tz) _ YA(tl)} 212 o

which is also referred to as the correlation distance. It is convenient to use the following
dimensionless time and velocity units:

t=gx, t, =0t (10)
v __ Kk a
QR(L/2R) _ (L/I2R) _ (LIR) ~ (11)

where | is the advance ratio. The dimensionless magnitude of the distance metric £AB
reduces to
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where R =R/L, t is the average time (t, +t,)/2 and T is the lapsed time t,—t,. Asis

evident from the context and for simplicity of notation, t represents both the physical time,
as in Eq. (9) and the dimensionless average time, as in Eq. (12). Also, it is observed from

Eq. (12) that

E p(tpty) =€ ot +2mmt, + 2nm) (13)

for integer m=n only.
Under non-level flight conditions, Eq. (9) is generalized to

le| = [{xB(tz) - XA(tl)}z + {YB(tz)- YA(tl)}2+ {ZB(tz) - ZA(H)}Z]W (14)

The expressions of dX/dt, dY/dt and dZ/dt would depend upon several flight mechanics
details such as flight path angle, shaft tilt etc., and the expression for EAB in closed form,
as in Eq. (12), is not possible. Moreover, in contrast to Eq. (7), E[u1A(t1)u3B(t2)],
E[u3zA(t))u;B(t2)], E[uzA(t)usB(t2)], E[usA(t))uzB(ty)] are not necessarily equal to 0.
Moreover, Eq. (12) shows that the rotational velocity effects should decrease with
increasing advance ratio. When rotational velocity effects are neglected, the magnitude of
the distance metric simplifies to

_ Llat
fl==3 as)

Now, considering only the dominant vertical turbulence component that is nearly
normal to the rotor plane and for level flight condition, the correlation of vertical component
of turbulence velocity is given by

Ry (pty) =Ry(tpty)= o28(€ ) (16)



Correlation function between vertical turbulence velocities wA(t;) and wB(t2) can be
obtained by substituting the expression for distance metric of Eq. (12) into Eq. (16). It is
seen from Eqgs. (12-13) that

RW(E'1 + 2m1t,t_2 +2nm) = Rw('t'l,t_z) for m=nonly a7)
or, equivalently,
R (t+ 2mm,1) = R, (1,7) for m=0,12,... (18)

Equation (17) shows that the blade-sampled turbulence belongs to a (wide sense)
cyclostationary process (Refs. 17-20). However, the process is not mean square periodic
since Eq. (18) does not hold for m#n (Ref. 17). From Eq. (17), the process is also not
(weakly) stationary since Ry(t1,t2) is not a function of t3-t; only (Ref. 17). Moreover, Eq.
(17) or (18) shows that the correlation, though not invariant to arbitrary shifts of ty-t as in
a stationary process, is invariant to shifts of integer multiples of 2n. This nearness to
stationarity is better explored by means of frequency-time spectrum or the Wigner
distribution (Refs. 21, 22).

The frequency-time spectrum Sy,(f,t) is obtained by taking the Fourier transform of
Ry (t,T) with respect to T (Ref. 21),

_T —i2nft
Swf)= | Ry(t,me™ ™ dr (19)

It is possible to obtain a closed-form expression for the frequency-time spectrum
for the case of Eo=Ep and in level flight using Rosenbrock model for the fundamental

correlation functions, f and g, as in Refs. 9 and 23. The closed-form solution permits
qualitative and parametric investigation of rotational velocity effects on turbulence
modeling. Thus with the Rosenbrock model given by

2 2
Ry @E)=oc% * T 20)

substituting the distance metric expression from Eq. (12) with Eo=Eg=0.7 in Eq. (20)
results in

R (t,T) = exp {-— (a212 + 4c Zsin 2-—;— +4acTsin tsin —;—)} 21
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where c¢=1.4/(L/R). Substituting Eq. (21) in Eq. (19) and after several algebraic
manipulations (for details see Refs. 9 and 23), the following expression for the frequency-
time spectrum of blade sampled vertical turbulence is obtained:

o o DL@/245] - (q+2sB2C?
Sy(f)=22 3 X e
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2A
2
q+1 -q 3 (f+p) }
xr( )¢( Ty y )
where Ti1(q)=1, T2(q)=0, for g=0,2,4,6,.... even

Ti(9)=1, T2(g)=1, for g=1,3,5,7,.... odd
¢ is degenerate hypergeometric function.

Equation (22) is instructive in that the variation of S,(f,t) for instantaneous azimuth
locations has preferred locations at 1P/2, 1P, 3P/2, etc. Figure 3 shows perspectives of the
correlation and frequency-time spectral density for the Rosenbrock model for p=0.05 and
L/R=4. Figure 3 illustrates rotational velocity effects on turbulence modeling as turbulence
frequency-time spectral concentration within preferred frequency bands centered on 1P/2,
1P, 3P/2, etc. By contrast, the conventional body-fixed turbulence modeling suppresses
such peaks with rapid attenuation of such peaks with increasing frequency.

Using a mathematical model of an isolated rigid root-restrained blade, the impact
of turbulence velocity effects on turbulence modeling and flap response statistics is
investigated in Ref. 9. Based on the numerical results for various values of advance ratio
and turbulence scale length, it is shown therein that the response statistics comprising
frequency-time spectra, the conventional correlations, and the average threshold upcrossing
rates are significantly affected by the rotational velocity effects and these effects decrease
with increasing advance ratio and turbulence scale length.

11



5. ROTORCRAFT TURBULENCE SIMULATION

For convenience of illustration, a helicopter in level flight is considered. The most
general representation comprises all the three velocity components in a three-dimensional
turbulence field — vertical, lateral (side-to-side) and loﬁgitudinal (fore-to-aft) velocities - the
distance metric for each component accounts for spatial changes in all the three directions.
First, consider only the vertical turbulence velocities felt by a rotor in level flight, heading
into the mean wind direction. The correlation function, R33, for this case is given by Eq.
(16) with the distance metric £ap given by Eq. (12).

For simulation purposes, it is important to consider the time lag between the hub
center and a typical blade station in experiencing turbulence. Considering a simplified
picture of the spatial variation of turbulence in the flight direction only (i.e., a one-
dimensional distribution of turbulence), as compared to the hub, an element located at
radius r and azimuthal angle y will experience turbulence velocities with a time lag, At,

given by

_rcosy
At=—5 (23)

Denoting whyp(t) and wp)age(r,t) as sample functions of turbulence velocity felt at the hub
center and the blade station, respectively, wyp(t) and Wpjage(r,t) are related through the
expression for the time lag of Eq. (23)(Ref. 24):

_ I cosy
Whlade(r:) = Whub(t - ——) (24)

The term rcosy/V in Eq. (24) accounts for the effects of both rotational velocity and the
spatial distribution of turbulence. From Eq. (24), it is seen that the time lag increases with
increasing radial distance and decreasing airspeed. Thus, rotational velocity effects will be
dominant at the blade tip for low airspeeds.

Using Shinozuka's algorithm (Ref. 25), wpyp(t) can be expressed in terms of a
series of cosine fucntions as

Whub(t) = 2'§1 v $33(w;)A® cos(w;it +P;) (25)
i=

12



where S33(0j) is the value of the two-sided, power spectral density (corresponding to the
correlation function, R33) of the stationary turbulence process at the temporal frequency ;
and @, is random phase with uniform probability density distribution between 0 and 2m.
The discrete frequency @; is obtained by dividing the frequency band of interest of the
power spectral density curve into almost equal subdivisions:

w; = (2i-1)Aw/2, i=12,.. N (26)

Combining Egs. (24) and Eq. (25) results in

N rcos
Whlade(w0 =23 VSaa@docosionls RO
=
Equation (27) can be rewritten in terms of positive spatial frequencies Wk and Aw as
Whlade(®t) = Zkgl v S33(0K)A® cos[wy(Vt - r cosy)+Dy)] (28)

Thus, Eq. (28) gives an expression for the sample function for the vertical turbulence as
seen by a rotating blade element.

Thus far, since the frozen field of vertical turbulence velocity is approximated in
terms of one-dimensional waves, the turbulence velocity at a point located at (x,y,z) in the
atmospheric frame is written as a function of x alone. In reality, the correlation of vertical
turbulence velocities is a function of all the three components of spatial separation and the
corresponding spectral density is a function of three spatial frequencies, ®, v, X; a three-
dimensional spectrum.

The simulation method described above can be extended to the cases of two- and
three- dimensional distributions of vertical turbulence. For the case of two-dimensional
distribution of vertical turbulence the expression for w(r,t), including rotational velocity
effects, reduces to (Ref. 24)

N; N
w(rnt) =2 Zl 22 v S533(w;,vk)A®AV cos(wj ( V t-rcosy)+ vk (1siny) + ®j k)
j=1k=-No
(29)

where

13



0j = (2j-1)Aw/2
vk = (2k-1)Av/2

The expression for w(r,t) for the case of three-dimensional spectrum is given by
(Ref. 24)

Ny N Ny
i=l j=-N2 ="N3

where x, y and z represent the three components of the location of the blade element
measured in the atmosphere-axis system and o, v, x are the corresponding spatial
frequencies.

Using numerical results for the two-dimensional case, it is shown in Ref. 24 that
sample functions generated using the simulation method described above will contain the
correct second order statistics as seen by a rotating and translating blade element. Reference
26 presents a generalization of the above simulation method to include all three components
of turbulence velocities using the turbulence spectral matrix.

14



6. APPROXIMATIONS TO TURBULENCE SIMULATION

The turbulence simulation method presented in the previous section in its present
form is not suitable for real-time implementation as it involves for the three-dimensional
case triple summation of terms over several frequency values in the expression for
turbulence velocities. Also, for real-time implementation, the type of turbulence
distribution, i.e, 1-D, 2-D or 3-D, as well as the number of blade elements and the number
of azimuthal locations at which turbulence velocities need to be computed become
important.

Reference 27 addresses the issue of minimum number of blade stations at which
turbulence velocities need to be computed for adequate representation of turbulence effects
on blade response. Using a mathematical model representation of an articulated rigid root-
restrained blade, flap response statistics are computed and compared for different number
of blade stations. Also, comparisons are made between response results with one-
dimensional and two-dimensional turbulence distributions. Figures 4 and 5 describe the
mean square flapping response and zero exceedance statistics (average number of response
up-crossings per unit time) of flapping response, respectively. Four curves are shown in
these figures. The line labeled as 'body fixed' represents results for the case wherein
turbulence velocity computed at the hub center is used for the entire rotor and the turbulence
simulation involves single summation of sinusoids at one blade station. The other three
lines represent results with blade-fixed sampling. The line labeled as 'One-Dimensional’
represents results for the case wherein turbulence velocity is computed at several blade
stations (eight in this study) but with the assumption of one-dimensional distribution (see
Eq. (28)). The turbulence simulation for this case involves single summation of sinusoids
at several blade stations. The line labeled as '75% Approximation’ represents results for the
case wherein turbulence velocity computed at the 75% radial station with a two-
dimensional distribution is used for the entire blade and the simulation method involves
double summation of sinusoids (see Eq. (29)) at one blade station. The line labeled as
"Two-Dimensional’ represents results for the case wherein turbulence velocity is computed
at several stations (eight stations in this study) with a two-dimensional distribution (see Eq.
(29)). The two-dimensional case involves double summation of sinusoids at several blade
stations and it is the most accurate of the four cases. It is emphasized that the one- and
two-dimensional results include the effect of cross-correlation of turbulence velocities on
various elements of the blade. It is seen from Figs. 3 and 4 that the ‘body-fixed' and 'one-
dimensional' cases result in very inaccurate predictions of blade response. Surprisingly, the
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"75% approximation' results are very close to the ‘two-dimensional' case. Based on these
results, Ref. 27 concludes that a two-dimensional distribution of turbulence is required in
order to capture the effects of turbulence on blade response. Also, it is adequate to use the
three-quarter radial station as a representative station for obtaining a reasonably accurate
prediction of turbulence effects on blade response.

The number of terms involved in the summation for simulation of sample functions
of two-dimensional vertical turbulence is considered next. The expression for sample
function of vertical turbulence velocity given by Eq. (29) involves summation of terms over
spatial frequencies @ and v. Transforming Eq. (29) to polar coordinates using

w=cos 0
v={)sin 0 31
results in
N_N
374 [25..(Q2.,08 )Q . AQAB cos(L2.cos 0 .(Vt —rcos y)
w(r,t)=22 zf G X D R A i i

1=1 j=1 +£ isin 0 j(rsin v) + q)i,j) 32)

In Eq. (32), the summation limits for the transformed variables €2 and 8 are as follows:

Q: 0 to Qmax
0: 0 ton/2

Reference 26 uses 110 values for @ and v each (i.e., N;=110, N»=110) in Egq.
(29) for accurate representation of rotational velocity effects. However, Ref. 28 shows that
if one uses Eq. (32) instead of Eq. (29) , then the number of terms required in simulation
for accurate representation of rotational sampling effects are significantly reduced.

Even with the use of polar coordinate representation (see Eq. (32)) in turbulence
simulation, the computational effort involved may still be high for implementation of the
simulation method in a real time simulator. For this reason, the feasibility of approximating
the double summation in the expression for 2-D turbulence sample function by an
equivalent single summation is investigated in Ref. 28. Reference 25 provides motivation
for such an approximation wherein it is shown that sample functions for a non-
bomogeneous random process can be simulated by using its power spectral density
multiplied by a modulating function that characterizes the non-homogeneity of the process.
Extending this idea to the case of blade-fixed cyclostationary turbulence, it may be possible
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to arrive at a suitable modulating function which, when used in conjunction with a 1-D
spectral distribution and hence, single summation of terms, approximates a 2-D spectral
distribution. Reference 28 identifies such a modulating function and gives the following
expression for single summation approximation to 2-D vertical turbulence sample function
for ablade station located at a point (X, y) in the atmospheric frame :

N
1

i=1

where S33(®) is 1-D vertical turbulence spectrum and

— olds
&= dtl (34)

Using numerical results it has been shown in Ref. 28 that the single summation
approximation to the expression for sample functions of vertical turbulence described above
results in reasonably accurate second order statistics. Also, Ref. 28 investigates
development and use of parallel computing schemes for turbulence simulation and for
prediction of turbulence statistics.
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6. ROTATIONAL VELOCITY EFFECTS ON BODY RESPONSE

The effect of rotational sampling of turbulence on helicopter body response has
been qualitatively investigated in Ref. 26. In order to carry out this investigation, the
turbulence simulation method was first integrated into the UH-60A Black Hawk helicopter
simulation program (Ref. 29). The vehicle was initially trimmed at an advance ratio of 0.1
and the main rotor was subjected to a two-dimensional vertical turbulence velocity
distribution given by von Karman model with an intensity of 5 ft/sec and L/R of 2. The
normal acceleration response results are shown in Fig. 6 for the cases of with and without
rotational velocity effects. It is seen from Fig. 6 that for the case without rotational velocity
effects, the normal acceleration response is essentially of low frequency. However, for the
case with rotational velocity effects, the low frequency response is attenuated and it is
replaced by low-amplitude high frequency response. Though not shown, the body pitch
and roll rate responses exhibit similar characteristics. Based on the qualitative differences
seen in body response results with and without rotational velocity effects, Ref. 26
concludes that the effect of rotational sampling on vehicle response is to attenuate the low
frequency (<1P) response of the vehicle and to amplify the high frequency (21P) vibration.
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7. CONCLUSIONS

Based on various results obtained in this study the following general conclusions
are made :
1. A generalized formulation of the correlation matrix describing atmospheric turbulence
that a rotating blade element encounters has been developed.
2. Using a closed-form solution of frequency-time spectrum of the dominant vertical
turbulence excitation at an arbitrary blade station, it has been shown that the blade flap
response statistics comprising frequency-time spectra, the conventional correlations, and
the average threshold crossing rates are significantly affected when rotational velocity
effects are included in turbulence modeling.
3. A simulation method suitable for rotorcraft turbulence analysis has been developed. It is
shown that the simulation method is capable of generating samples of vertical turbulence
velocities with correct second order statistics as seen by a rotating and translating blade
element.
4. The simulation method for generation of sample functions of vertical turbulence has been
generalized for arbitrary motion of a blade element and the same has been integrated into a
comprehensive flight simulation program. Using representative results of vehicle response
in the presence of vertical tarbulence, it has been shown that the effect of rotational velocity
results in a decrease of low frequency (< 1P) response of the body and an increase in high
frequency (21P) vibrations.
5. Using a mathematical model of an articulated rigid root-restrained blade, flap response
statistics have been computed and compared for one- and two-dimensional turbulence
distributions. Using representative results for mean square flapping response and zero
exceedance statistics, it has been shown that a two-dimensional distribution of turbulence is
required in order to capture the effects of turbulence on blade response.
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8. RECOMMENDATIONS

1. Experimental validation of the rotorcraft turbulence modeling and analysis approach
developed in this study needs to be conducted.

2. An improved understanding of turbulence is needed for non-level-flight conditions of
- helicopters and tiltrotors such as axial flights, transition flights, landing approaches, nap-
of-the-earth or NOE flights and hovering. The current formulation with blade rotational
velocity effects is restricted to a two-dimensional turbulence field of level-flight conditions
and considers only vertical turbulence at a helicopter blade station near the tip; it thus
completely neglects cross-correlation between vertical, longitudinal and lateral turbulence
velocities at different blade stations and also neglects turbulence in the longitudinal and
lateral directions.

3. Several approximations to the simulation method have been studied in this work. Further
work is required to investigate real-time simulation of blade-sampled turbulence.

4. The Taylor-von Karman turbulence theory provides the basis of all the turbulence work
on helicopters and tiltrotors. This theory, though reasonably valid for level-flight
conditions, is not valid in hovering. Its range of validity for different non-level flight
conditions is seldom verified. Much research is needed to provide a means of quantifying
the range of non-applicability of this theory for different flight conditions and to develop a
viable turbulence theory for such flights.
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Figure 1. Autospectral densities of fore-to-aft turbulence seen by a rotating blade station
and the center of the turbine disk: (1) at the blade station, blade-fixed sampling or
with rotational velocity cffecté; (2) at the turbine disk center, body-fixed
sampling or without rotational velocity effects. (Ref. 9).
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Figure 2. Schematic of distance metric £.
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Figure 3. Perspectives of correlation and frequency-time spectrum of turbulence with
rotational velocity effects (Rosenbrock model, L/R=4, n=0.05).
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Figure 4. Mean square values of flap response (von Karman model, L/R=2, u=0.1).
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Figure 5. Zero exceedance statistics of flap response (von Karman model, L/R=2, u=0.1)
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Figure 6. Sample of simulated helicopter response to two-dimensional turbulence with
and without rotational velocity effects (von Karman model, L/R=2, u=0.1).
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