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Abstract

The results of an analytical study to eval-
uate the general response characteristics of a
helicopter subjected to various types of discrete
gust encounters are presented. The analysis em-
ployed was a nonlinear coupled, multi-~blade rotor-
fuselage analysis including the effects of blade
flexibility and unsteady aerodynamic stall. Only
the controls-fixed response of the basic aircraft
without any aircraft stability augmentation was
considered. A discussion of the basic differences
between gust sensitivity of fixed and rotary wing
aircraft is presented. The effects of several
rotor configuration and aircraft operating param-
eters on initial gust-induced load factor and
blade vibratory stress and pushrod loads are dis-
cussed. The results are used to assess the accu-
racy of the gust alleviation factor given by MIL-
S-8698. Finally, a brief assessment of the rela-
tive importance of possible assumptions in gust
response analyses is made and a brief comparison
of gust and maneuver load experiences in Southeast
Asia is presented.

The results confirm that current gust alle-
viation factors are too conservative and that the
inclusion of unsteady stall effects result in
higher initial load factors than predicted using a
steady stall aerodynamic analysis.

Notation

A% gust alleviation factor; see Equation (1)
and (3)

Q. two-dimensional 1lift curve slope of rotor
blade section

b  number of blades
B tip loss factor
AL Dblade chord, ft
C; vertical force coefficient, Thrust /g p o* RY

GW gross weight, lbs

Presented at the AHS/NASA-Ames Specialists' Meet-
ing on Rotoréraft Dynamics, February 13-15, 197h.

I3 blade mass moment of inertia about flapping
hinge, slug - ft2

R  blade radius, ft
S fixed wing area, ft?

C-
't.3| partial derivative 2 3( r/‘)

; Qa3 A
V  forward velocity, knots or ft/sec

Va_,a average characteristic velocity for helicop-
ter rotor

Vg, maximum vertical velocity of gust, positive
up, ft/sec

& angle between shaft and relative wind, posi-
tive tilted aft, radians

) ’ L
x blade lock number, fa.:C_R/j_B

 THRUST
AN incremental rotor load factor; M‘: g REH -
AY\S incremental rotor load factor predicted by
linear steady theory for sharp edge gust
instantaneously applied to entire lifting
device. )

A inflow ratio, (VS$ine — U)/-Q-R

A+ advance ratio, de/_g_g

¥/ rotor induced velocity, positive up, ft/sec

f air density, slugs/cubic foot

@ rotor solidity, be /R

fl. rotor angular rotational velocity, radians/
second

%Co% three dimensional lift curve slope for fixed

wing

Subscripts
FW genotes fixed wing

M genotes helicopter
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Figure i.'vCurrent Gust Alleviation Factor.

Current procedures for predicting helicopter
‘gust-induced loads involve computing rotor loads
by means of a simplified linear theory and modify-
ing these loads by a gust alleviation factor de-
fined in Specification MIL-S-8698 (ARG). The al-
leviation factor is shown in Figure 1 and is a
- function of rotor disc loading alone. Further, no
alleviation is allowed for disc loadings greater
than 6.0 - a value exceeded by many modern heli-
copters. Attempts to verify the accuracy of this
approach through flight test have been complicated
by uncertaintles regarding the gust profiles.

This has led to side~by-side flight tests of fixed
and rotary-wing aireraft (Reference 1) in order to
build & semi-empirical bridge between the rela-
tively straight forward fixed wing situation and
the more complex situation associated with rotary
wings. Limited qualitative results on aircraft of
comparable gross weight indicated that the heli-
copter was less gust sensitive than the fixed wing
aircraft, but extensive quantitative data from
this type of test are, obviously expensive and
difficult to obtain. Analytical confirmation of
the MIL-8-8698 (ARG) gust alleviation factor has
been hampered by the lack of an analysis which can
handle both the transient response of the helicop-
ter and the aeroelastic response of the rotor
blades, while, simultaneously, providing a reason-
ably complete modeling of the rotor aerodynamic
environment. An improved gust response analysis
(described in Reference 2) has indicated that cur-
rent procedures are too conservative. The primary
objectives of this investigation were (1) to
develop a similar computerized analysis based on
the rotor aeroelastic and unsteady stall aerody-
namic techniques developed at Sikorsky Aircraft
and the United Aircraft Research Laboratories and
(2) to apply the analysis to predict rotor gust
alleviation factors for comparison with those
given in Specification MIL-S-8698 (ARG) and in
Reference 2. The principal contribution of this
-analysis relative to that of Reference 2 is the
inclusion unsteady stall aerodynamics. The re-
sulting computer program was designed to function
on the CDC 6600 computer and is catalogued at both
the Langley Research Center and the Bustis
Directorate.

" Wing Gust Response

Before proceeding with a detailed analysis
of the helicopter gust response characteristics,
it is instructive to compare fixed wing and heli-
copter characteristics in relatively simple terms.
Such a comparison follows.

In analyzing the response of fixed wing air-
craft to discrete sharp edge gusts, (eg. Reference
3) the concept of a gust alleviation factor is em-
ployed. The gust alleviation factor is simply the
ratio of the "actual" incremental load factor pro-
duced by the gust to the incremental load factor
computed from simple steady-state theory. The
"actual"” load factor may represent a measurement
or may be computed from some more riggrous theory
applicable to the unsteady gust encounter situa- .
tion. Thus, if Ag is defined as the gust allevia-
tion factor, we have )
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A% - (1)

for fixed wing aircraft we haée-'>
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ey 5P O 52 Agdew
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(2)

Following the same approasch for a helicopter
having a rotor as its sole lifting element, we can
write:

(Ah)H = (AhS)H(Aﬁ)H , (3)

ety

Using steady, linear rotor theory results from
Reference 4, and assuming a sharp edge gust in-
stantaneously applied to the entire rotor,

is given by: -

(4ng)y, = f‘%“;‘v& RS t%f'v% (4)

(ang), = =° (t;, 2R Vg (5)
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'Hence,'khe actual load factor is given by ~

@rh . 6, (ag), ~ & £ChneAg)y
A V% T éN/bAR '

Equation (7) is of similar form. to the. correspond—
ing fixed wing equation (Equation 2}. Further, by
comparing the two equations, it is clear that the
characteristic or average velocity for the rotor
is given by'tg.S1R and that the characteristic
area for the Yotor is the total blede area. The
characteristic velocity \QJ%, of the rotor is pre-
sented in Figure 2. A typical value of V&d% is
about 0.5£LR and the effect of advance ratio (or
forward speed) is seen to be small. This con-
trasts with the fixed wing case where the charac-
teristic velocity is equal to the aircrafi's for-
ward velocity.
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Figure 2. Rotor Characteristic Velocity Ratio.

Now, attempts have been made to measure the
gust alleviation factors of helicopters through
side~by-side flightg with fixed wing aircraft.
However, the relative alleviation factors so de-
termined are only meaningful if the Gust Response
Parameter for the two aircraft are equal. This
equality of Gust Response Parameters is shown in
Equation 8:

v 2C
stV s

o L (8)
GW/g W

( GW/LAR W

If the relation above is satisfied, Equations (2)
and (7) indicate that the following equality also
holds:

'(A'On
Q('a' A%) 1)

Assuming the two aircraft enéounter the same gust .
velocity profile, Equation (9) reduces to

(an).,

(\/% A‘é)rw

(9)

.(_A_n._)_.“ (A‘&)u o)
(Bn)e (A%\)FW

Thus, the ratio of the gust alleviation factors
will be in proportion to the measured load factors

for the two sircraft. If the fixed wing gust al-
leviation factor is known, (Ag)H can then be de-’
termined. T

If Equation (8) is not satlsfied, then the =
gust alleviation factor for the helicopter can. be T
determined from the follow1ng relatlon. ;

| (Ad)H (van

(Ag).-_w @n), G‘W/S Fw
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Typical values of the Gust Response Parameters of ~
Equation (8) are presented in Figure 3. The re-
sults of Figure 3 indicate that a helicopter having
a blade loading of 100 1b/ft2 and operating at a - .
forward speed of 250 fps will exhibit approximately
the same sensitivity to a gust as a fixed wi air-
craft having a wing loading of about 60 1b/ft%,
provided, of course, that the gust alleviation fac-
tors for both aircraft are equal. In practice,

for this example, the gust alleviation factor for
the fixed wing will be significantly higher (mean-
ing higher acceleration) than that for the helicop-
ter. .
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Figure 3. Fixed Wing end Helicopter Gust

Response Parameters.

Factors Influencing Helicopter Gust Response

The computation of gust induced loads for
helicopters is'a difficult analytical task because
the rotary wing lifting system is a complex aero-
elastic mechanism operating in complicated aerody-
namic enviromment. Principal factors which can be
expected to influence the gust response of a heli-
copter are described briefly below.

a. Rotor blade response ~ Helicopter rotors
differ from fixed wings in that the blades
(wings) of the rotor are relatively flexible
and, in many cases, are articulated relative
to the fuselage. The blades, therefore, are
much more responsive to gust loads than is
the sircraft as & whole and react in such &
way as to reduce or isolate (at least tem-
porarily) the fuselage from the impact of
the gust. Thus, while the blades are re-
sponding to the gust, the fuselage has time
to build up vertical velocity which, in
turn, reduces the effective velocity seen by
the rotor. A simple example illustrating




b.

Figure k.

the magnitude of the various forces con-
tributing to the fuselage acceleration is
shown in Figure 4 for a sharp edge gust
applied instantaneously to a rotor having
nonelastic flapplng blades and operating in-
hover. In this extreme case, because of the
overshoot of the blade flapping response,
the peak acceleration experienced by the
body is sbout the same as it would have been
had the blades been completely rigid (i.e.
equal to the acceleration given by the gust
term alone). As seen in Figure L, the
forces agsociated with the blade dynamic re-
sponse are large; hence any factor influenc-
ing the blade is potentially important.
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Comparison of Terms Contributing to
Fuselage Acceleration.

Fixed wing respongse - If the helicopter is
fitted with fixed wings (compound configura-
tion), additional gust loads are, of course,
generated. These can be treated using
availeble fixed-wing techniques and are not
of primary concern in this study.

Rotor Aerodynamic Modeling - The ability of
a rotor to generate load factor during a
gust encounter will depend on the proximity
of the blade trim angle of attack distribu-
tion to stall. A rotor operating on the
verge of stall prior to a gust encounter can
be expected to generate less additional 1ift
due to the gust than can a rotor initially
operating further away from stall. The
modeling of stall aerodynamics is important;
therefore, the impact of unsteady aerody-
namics on rotor stall was investigated in
this study.

Gust Characteristics - Gust profile and am-
plitude are, of course, potentially impor-
tant factors. In addition, the speed of the
helicopter as it penetrates a given gust
front can be expected to be significant.
Figure 4 indicated the fuselage acceleration
for a gust epplied instantaneously to the
entire disc. With a finite-time penetration
of the gust front, the contribution of each
blade to the fuselage loading will not be
identical (as in Figure 4) but rather will
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e.

Figure 5.

be phased so that the peak loads for each
blade occur at different times (see Figure 5).
As a result, finite-time penetration of the
gust reduces the peak fuselage accelerations
produced by a given gust profile.
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Finite~-Time Penetration Causes Peak

Blade Forces to be out of Phase.
Control system inputs - The ultimate effect

of gust on the helicopter must be influenced
by any reaction of the pilot or stability
augmentation system to the initial loads pro-
duced by the gust. It is possible (but un-
likely with a properly designed system) that
the largest loads produced by the gust will
not be the initial loads but, rather, those
agsociated with the longer term response of
the coupled system represented by the air-
craft, pilot, and stability augmentation sys-
tem (See Schematic in Figure 6). These longer
term effects depend on the specific design
characteristics of the aircraft system and no
attempt was made to model them in the present
study. Hence, the gust-induced loads con=-
sidered are the initial loads caused by the
gust for & controls-fixed rotor operating con-
dition.

SECONDARY LOAD PEAK
RESULTING FROM INTERACTION
OF GUST AND AIRCRAFT-
PILOT - SAS SYSTEM.

INITIAL MAXIMUM

LOAD PRODUCED
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Figure 6. Schematic of Possible

Load Factor Time Histories.



" Brief Description of the Analysig

Completé documentation of the equations used
in the analysis is given in Reference 5, while
procedures for running the associated computer
program mey be found in Reference 6. Both of
these references can be obtained from the Eustis
Directorate of USAAMRDL.

Briefly, the analysis is essentially a digi-
tal flight simulator that can be used to determine
the fully coupled rotor - airframe response of a
helicopter in free flight. This is accomplished
by the numerical integration of the blade - air-
frame equations of motion on a digital computer.
The principal technical assumptions and features

. of the analysis are listed below.

1. The blade elastic response is determined
using a modal approach based on the equa-
tions defined in References T and 8. The
number ¢f modes used consisted of three
flatwise, two chordwise and one torsion for
each %lade.

<The1aerodynamic modeling of the bhlade in-
eludes unsteady aerodynamic effects based on
the equations- and tabulations defined in
"Reference & which assume that the 1ift and
moment coefficients can be expressed as

‘as functions of instentaneous angle of at-
“tack and its first two time derivatives.
‘Steady~state drag was used, hoyever, hecause
of a lack of data on unsteady drag in stall,

Rotor inflow is essumed constant for this
study although provision for time-varying
induces velocities is available. The con-
stant velue is determined from classical
" momentum theory and wes invariant with
either position on the disc or with time.
In view of the short times required for
peak loads to be achieved, this assumption
is congidered reasonable,

The response of each individual blede is
considered.

The fuselage is a rigid {nonelastic) body
having six degrees of freedom. Provisions
for fixed wings are included. The aerody-
namic forces on the wings are computed using
simple,.finite-span wing theory, neglecting
stall and unsteady effects.

Fuselaée aerodynamic forces and moments -are
determined using steady-state nonlinear,
empirical data.

The gust - is assumed to be both two dimen-
sional (i.e. does not vary along the lateral
axis of the rotor) and deterministic in
ngture. - Although three dimensional and ran-
dom gust effects may prove important, their
ineclusion ' was beyond the scope of this
study. )
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.s::mple‘ Linéa.r Gust Theory )

As stated earller, it was dedired to cast the
results obtained in this 1nvest1gat10n in terms’ of,
correction factors (gust alleviation‘factors) that
could be applied t6 results dbiained .from a 51mplev'
specification eventually evolved ‘

The 51mple theory used is that deflned in .
Reference 4, in which blade stall and" compre531;‘
bility effects are neglected. In-addition, it is -
assumed here that the gust is’ sharp-edged and is
instantaneously applied to.the entire rotor. .The; |,
dAncrement in rotor load factor produced by the gust’.
is then given by- Equatlon (5) " Using the relation;

r'\‘R QLR') (q_)<f

(12)

the incremental rotor. load factor given by simple
theory is

@ns), - Y

LCT/ ) :LR (13)

The ratio of the (An )i . computed by the more
complete analysis described herein to the value
given by Equation (13) represents a gust allevia-
tion factor which can be used to correct the load
factors results given by Equation (13). Thus:

A (an)y
L ‘3\ (A" O

(1)

. Values of Ag presented in this paper are based on a

rotor blade 1lift curve slope, a, of 5.73. Hope-
fully, if Ag shows reasonably consistent trends, it
can be used with some confidence to rapidly predict
rotor load factors for combinations of parameters
other than those considered in this study.

Scope of Study

Gust load factors, blade bending moments, vi-
bratory hub loads, and rotor control loads were
calculated for a range of values for rotor thrust
coefficient-solidity ratio, blade Lock number, ad-
vance ratio, and blade flatwise and torsional
stiffness. The effect of adding a wing was also
investigated. The responses associated with three
types of vertical gusts were investigated: sine-
squared, ramp, and sharp-edged. The sine-squared
gust and the ramp gust reached g maximum value of
fifty feet per second at a penetration distance of
ninety feet. The gust profiles are disvplaved in
Pigure 7. Three types of rotor systems were eval-
uated: articulated, nonarticulated (hingeless),
and gimbaled. Emphasis in this paper is placed on
the results for the reference articulated rotor.
The reader is referred to Reference 10 for details
of the other configurations studied. The articu-
lated rotor properties can be found in Table I,
together with the natural frequencies of the
blades. As indicated, the number of modes used



consisted of three flatwise, two chordwise, and
one torsional modes. :
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Discugsion of Results

" Effect of Gust Profile

The effect of gust profile on incremental
rotor thrust force for the reference artlculated
rotor was evaluated by the penetration of three
gusts with profiles as shown in Figure 7. The
helicopter was assumed to penetrate a sthtionary

. gust with a velocity of 350 feet per second. This
‘corresponds to an advance ratio of 0.5.

" The time history of the rotor thrust asso-~
ciated with each of the gust profiles is shown in
Figure 8. It may be seen from this figure that
while the actual gust wave form has little impact
on maximum rotor force and consequently on rotor
load factor, the particular time histories behave

- differently, although in an expected manner. Ini-
tially, the sine-squared and the ramp gust shapes
result in similsr peak rotor loads at approximate-
iy the seme time. The sharp-edge gust induces a
greater peak load with a faster build up. As the
penetration distence increases, the loads produced
by the sharp-edge gust and the ramp gust tend to
merge since their respective velocities are both
50 fps while the value of the sine-squared gust
velocity has dropped back towards zero.

Analysis of the computed results forming the
basis for Figure 8 indicates that at the time the
maximum rotor vertical force and load factor is
reached, the helicopter fuselage has had time to
develop only a modest amount of vertical velocity.
The vertical velocities at the peak load points of

_the helicopter associated with the sine-squared
and sharp-edged gusts are 6fps, and 3 fps,3 fps,
respectively. These compare to the 50 fps gust

~velocity, indicating that 1little gust alleviation
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is being produced by fuselage motion for the con-
dition analyzed.

The three types of gust profiles evaluated did
not produce greatly different peak rotor loeds.
While the sharp-edge gust does produce the largest
loads,it is probably the least realistic of the
three profiles. Since other studies, such as
Reference 2, have used a sine-squared gust, the
remainder of the results presented are based on
this profile. :

Effect of Rotor and Flight Condition Variables

The variation of gust alleviation factor, (as
computed from Equation 1k), with initial rotor
loading is shown in Figure 9 for the three types
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Different Rotors.



types of rotors analyzed. Rotor.loading in this
figure has been expressed both in terms of rotor
thrust coefficient solidity ratio and rotor disc
loeding. It should be remembered that disc load-
.ing is not a unigue function of Cp/g but rather
depends on the value of density, tip speed end
golidity of the rotor. Values for these quanti~
ties are noted on the figure. :

The results of Pigure 9 indicate that in-
creasing CTﬁr leads to a large reduction of gust
alleviation factor, This is similar to the trend
noted in Reference 2 and is belleved to be re~
leted to the loss in average additional 1lift
capsbility at the higher Cp/g due to the occur-
rence of stall, The influence of rotor configura-
tion is seen to be of rather secondary importance.
Rotor configuration would be expected to influ-
ence fuselage motion through the transmittal of
differing rotor pitching moments to the airframe,
depending on the degree of rotor articulstion.

- The relative insensitivity of the results to con-
figuration is believed to be due to the short
time in which the initial, controls-fixed load
factor is generated. As a result, the fuselage
response to the differing moments is not large
aend the load factor tends to be dominated by the
rotor blade dynamic response, which is roughly
the same:for all rotors. This result is also
similar to that observed in Reference 2.

It is also evident from Figure 9 that the
gust alleviation factors defined in MIL-S-8698
(ARG) are too high (i.e. result in loads which
are too high). The conservatism of the current
specification is particularly evident at the high
thrust coefficient-solidity ratios where rotor
stall becomes a factor limiting gust~induced
thrust generating capability. On this basis, one
would expect the gust alleviation factor for up-
ward gusts to be different from those for down-
ward gusts (i.e. gusts which unload the rotor).
While downgusts are not critical from s structural
loads viewpoint, they could prove more important
from & passenger - comfort point of view.

The resul%suof'Figure 9 are for typical
reference rotor configurations (see Reference 10
and Teble I herein). As part of this study, cal-
culations were made to examine the sensitivity of
the computed gust alleviation factors to separate
variations in blade Lock Number, bending stiff-
ness and torsional stiffness. Ranges of the
parameters considered are noted below:

Lock Number: reference, 0.7 ref. 1.3 ref.

Bending stiffness: reference, 0.5 ref.

Torsional stiffness: reference, 0.5 ref.

The parameter variations listed above were made
at an advance ratio of 0.3 and 0.5 for a Cp/e of
0.06. The range of rebults is also shown in
Figure 9 and as can be seen, the effect of blade
Lock number and stiffness is relatively smsll.
Lock number end advance ratio account for most of
the smell variation shown, with the lower advance
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ratios and higher Lock numbers being associated
with the lower gust alleviation factors. The relaw-
tively small effect of blade stiffness variations
is perhaps not surprising inasmuch as the totel
blade stiffness tends to be dominated by centrifu-~
gal stiffening effects. The wvariations shown for
Cpfa of 0.06 are believed to be representative of
those at other Cp/g values; however, this should be
verified. : -

Articulated rotor load factors predicted using
the results of Figure 9 are presented in Pigure 10

where they are also compared to the results of

Reference 2, Load factors predicted by the current
study are seen to be higher than those of Reference
2. This increase appears to be due to the use of
ungteady aerodynamiecs in the current study.
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Gust-Induced Blade Stressges, Control Loads and
Vibration

The effects of a gust encounter on other
quantities of interest to the designer such as
blade stresses, control loads, and aircraft vibra-
tion were briefly examined, In examining these
effects, an attempt was made to generslize the re-
sults to a limited degree by relating the maximum
values produced by the gust to the initisl trim
values. Results are based on the trim ‘condition of’
Cpfe = 0.06 and an advance ratio of 0.3 are pre-
sented in Figure 11. Detailed analysis of the
trends shown were beyond the scope of this paper.
The reader is referred to Reference 2 for a more
detailed discussion.
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Sensitivity of Results to Assumptions

. As discussed in an earlier section of this
' report, many factors could potentially influence - -
rotor gust response characteristics. To account
for all of these factors leads to a time consum-
ing, complex, digital analysis.
. paregraphs, the results of a brief examination of
the importance of some of these factors are dis-
cussed. Only the reference srticulated rotor at
one operating condition is considered. Any con-
clusions drawn from these results must, therefore,
be considered preliminary and should be substanti-
- ated by further investigation. A summary of the
© results obtained is presented in Figure 12. Shown
.is the percentage change in the predicted gust al-

In the following -

leviation factor resulting. from the separate elim~"

ination of fuselage motion, blade elastic torsion,
finite time penetration, and unsteady stall ef-
fects in the analysis. The baseline value cor-
responds to value for the complete analysis. A -
‘positive change in Ag means that the effect

eliminated causes an increase in predicted load- - .

ing. It is evident that the unsteady stall aero-:
. Gynemic and finite-time gust penétration effects
are most important. Excluding- unsteady aerody-
inamics reduces the predicted value of Ag by about
29%..- This is because.the meximum 1ift . cepability
of the rotor baeed on steady aerbdynamic ‘stall
‘characteristics ig lower than that based on Un= .
steady. characteristics. (see Reference 9), The re=
.duction is consistent with the obsexnved 1ower
velues of predicted load factors obtained ih

.

'*quired by, the U. S. Army in SEA.

Reference 2 and previously presenﬁed in Figure 10.
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Figure 12. Sensitivity of Gust Alleviation to

Anslytical Assumptions.

The largest change in predicted gust allevi-
ation factor was produced by the elimination of
the finite time penetration of the gust front. As
might be expected, when the gust is assumed to af-
fect all blades simultaneously, the blade forces
are all in phase and large velues of Ag {and hence

" - loading) result.

It should be emphasized that the results pre-
sented in Figure 12 were determined for only one
.reference trim condition. Further work is required
to substantiate the generality of the.réesults.

_ Gust Load Factor Experience.in SEA

. 'The sarlier portions of- this .paper have. been
‘ devoted to analytical techniques. appropriate for
detefmlnlng the -effects of gust encounters on heli-
copter response variables. One point which has
*been mede is that rotor blades, because of their-
flexiblllty, tend to reduce the impact of the gust
on the fuselage. Resulting gust allev1ation fac—
* tors have been found to be low and, hence, one
would expect thet gust-induced loads on the fuse- -
lege could be reduced in importance, Experimental
evidence supporting this contention has been ac-
A vrief discus-
sion of thet data is presented below.

‘“" f‘ The U S. Army has been scquiring’ usage deta

on its combat operational helicopters in Vletnam .
s since early 1966.. Beginning with both.the cargo
and armored versions of the CH-LTA, the CH-5LA,
AH-1G; ' nd.UH-6A helicopters were instrumented to

. record the history of their actual combat usage.v

<

, Since control positlons end ¢ g. accelera-f;
tions weére among the perameters measured ‘and the
data were, recorded in shelog format,. occurrences

. of gust- induced loads were.identified-and isdlated
. from pillot-induced (maneuver) accelerations by
- anglyzing those particular trace recordings.

Gust~
induced acceleration peaks, therefore, were- identi-

,fied as’ those accelerations occurring when both

9



the cyclic and collective stick traces were steady
or, if stick activity was present, the sense of
the peeking acceleration had to be in opposition
to that expected from the stick control motion.

A total of 1477 hours of flight data were
acquired during the measurement programs for the
cited aircraft (References 11-13). The conclu-
sive finding in each of these programs was that
normal loads sttributed to gust encounters were.
of much lesser magnitude and frequency than
msneuver loads. Further, when the total load
factor experience was statistically examined for
each aircraft, the loads directly attributed to
gust encounters were found to be only a small
percentage of the total experience. These points
are graphically illustrated in Figure 13. The
maneuver load scatter band was obtained from
References 14 and 15.

It should be pointed out that while gust-
induced load factors are smasller than typical
maneuver load factors for military aircraft, gust
loadings can be an important consideration from a
ride comfort stendpoint in commercial applica-

tions.
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Flgure 13, . Gust-Induced Loads are Significantly
Less than Maneuver Loads.

Conclusions

The following ‘conclusions were reached as
a result of this study. It should be noted that
Conclusions 1-3 are based on the computation of
initial gust-induced load factors for various
rotor systems mounted on a single fuselage and
operating with the controls fixed throughout the
gust encounters.
1. The results of this study generally con-
firm those of Reference 2, indicating that
the current method for computing gust-in-
duced load factors for helicopter rotors
(Specification MIL~-S-8698 (ARG)) results
in realistically high velues and should be
revised.

If the gust amplitude is sufficient to
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cause retreating blade angles of attack
greater than the two-dimensional, steady-
state stall angle, the inclusion of unsteady
aerodynamic effects based on the model of
Reference 8 results in gust-induced load fac-
tors which are higher than those based on a
steady aercdynamic model such as that used in
Reference 2.

Principal parameters influencing gust-in-
duced load factor appear to be nondimen-
sional blade loading, proximity of the rotor
trim point to blade stall, and rate of pene-
tration of the rotor into the gust.

Gust losdings on military helicopters appear
to be significantly lower than those due to
maneuvers.
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»fDensity Slugs/ft2

Reference Articulated -

. TABLE I.
- . Rotor Characteristics

.002378
:Tip'sbeed,'ft/sec . .700.
" Redius, £t . 25
" No. of blades l‘ﬁ § 4.
'Blade Chord, £t * - 1.67
0 _Flap hinge off. et ratio ' 0.0k
‘;‘Twist ‘deg’ : -8.0
Young's Modilus, psi 107
* Mass per unit 1ength at 0. TSR slugs/ft 0.18
"Lock Number ) 10.0
_Rigid body flatwise frequency 1.03P
First bending flatwise frequency 2.66P
- Second bending flatwise fiequency 5.06P
Third ben@ing fiatwise frequency 8.50P
Rigid body chordiwise frequency 0.25P
. First bénding thordwise frequency 3.68P
‘Sécond bending chordwise 10.20pP
: 5.72P

First bending. torsional frequency



