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SUMMARY
The vertical gust response for helicopter rotor in eruis-
ing flight is studied analytically by means of the local momentum
theory (LMT) and experimentally in wind tunnel installing gust
generator. By introducing the unsteady aerodynamie effects into
the LMT and by teaking the elastic deformation into the rotor

blade, the vibratory characteristics of the flapping behaviour
and the rotor forces can be obtained.

Since the IMI is possible to calculate the instantaneous
load distribution along the rotor blade in desirable azimuthal
or timewise interval, the effects of gradual penetration of the
rotor into the gust can be studied and the Fourier analysis or
power spectrum analysis of the rotor response can be applied to
any kind of gust input.

Some results obitained analytically are verified by the
experimental tests performed in the wind tunnel which generates
step, sinuscidal and random vertical gusts by the motion of a
series of cascaded vanes in the upstream of the flow.

1. Introduction

: The helicopter rotor response due to vertical gusts has
been treated in many ways theovretically and experimentally.1~5)
The variety of the analyses can be seen in the setting of the
following assumptions: quasi-steady or unsteady aerodynamics,
constant or varisble induced veloeity distribution, rigid or
flexible blade, with or without hub motion, sudden or gradual
penetration into the gust, and so on.

Since the rotor blade is operating in the unsteady flow
field including the periodic variation of the horizontal or
tangential velocity component as well as the vertical velocity
component, the unsteady aerodynemic effect must be introduced
in the calculation of the airloading of a blade element working
with high reduced frequency.

The 1MT has been developed6~8) to obtain the instantaneous
airloading acting on the rotor blade and the related downwash
distribution on the rotor operating plane in a reasonsble range
of accuracy. The theory can evaluate the effect of the tip
vortices trailed from the preceding blades by introducing the
attenuation coefficient which expresses the degeneration of
the induced velocity at a local station on the rotor operating
plane after the blade element having passed on that station.
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The idea can easily be applied to the gust response of
the rotor blade by taking the vertical velocity component of
the gust into the normal velocity component of the alxflow
at the hlade element. This enable us to calculate the aero-
elastic characteristies and the flapping behaviour of the
rotor blades penetrating gradually into any kind of gust shapes.
Then the obtained thrust, for example, shows very Vvibratory
characteristics which have not be seen in any other paper, and
thus the Fourler analysis will he 1ntroduced for the random
gust. :

The hub motion can alsc be introduced to the ILMI by
only adjusting the velocity components at the blade element
by those given ag the vector summation of the hub motlon and
the flapping motion.

The wind tunnel test can validate the theory even in
8 restricted condition that the rotor is bounded in a narrow
test area and its hub is fixed to a point in that area without
having any degree of freedom in motion except the rotor
‘revolution. : : :

2. Rotor response for Step and sinusoidal gusts

Let us - con31der the follow1ng two types of spatlelly
frozen gust:

Step: w (x t) {"G >ty (1)
Sinusoidal : wg(X,t)-WGosinK(X}Xguvct), (2)

where the coordinate system can be seen in Fig. 1. ' The trans-
formation of the velocity components into the hlade coordinates
axes will be given in APPENDIX A. Then, following to the LMT

yields ' : o : :

T4y | . o
yA =in ;{%pVECia(Bi—¢i)upﬂ(ci/2)2VN}dx/(xi+1—xi)

e

X,
JXT+%v21{hLv/ﬂR(lmxv)}{Rﬂ(nsin¢}x)lvv’c}wie{(gx_lfxv)

/(l~xU5T2dx/(xi+1—xi)

where _
Ly = 208V, (V50 s (s oy i)
vi = vgin(¢D+k2w/§+3§zvaw)+Rﬂ(xi+xi+1)/2
v, = RQ(¢g+k2w/b+€§;vA¢)+Rﬂ(l+x )2
2 o e
Sv = H{R(l-xv)/E}', e, = elx= (x X, )/2]
8, = 8{x=(xi+xi+1)/2]
Mv =”%pﬁab/ﬂ/zf(a/b)dsin48+cos£8d6
0
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= (R/2)(1-x ), b =¢;/2

¢; = WN*"%m”ijk) vy

Vi = Vsini+Vcosi°Bcosw+R(x—XB)é ~ Vg
i j 1 J-1 .
Vn = S (kg F jor %O

The equations of motion for vertical acceleration and
the flapping motion for arbticulated blades can be given
respectively by

z/g = T/u-1 (5)
2, _ R

IB+MBQ B = fréfa-fg)(r—rs)dr (6)

where

T = bEI{ § Z ~mg (z+r B)}

I= fR (r—r Y2 dm

MB = frBr(r—rB)dm

fg = g cosBdm

1

£, = -ép(Rsz)zac(Kee-—KwGUP/UT) (1)

r. = In ran/s% an

u, = —Rﬂﬁutani+8ucosw+vgm/RQ—wG/Rﬂ+(é/Q)(xrxe)}

Uy = RO{xHisiny)

Y = VeosZ/RQ,

and where the 1ift defficiency function, Ky and Ky,, showing the
unsteady effects of the piltching motion of the blade and of
the vertical gust, caen be seen in APPENDIX R.

Fig. 2 and Fig. 3 show the time responses of load
factor T/W, flapping angle B and tip path plane (B, .» B, )
of  a rotor penetrating gradually into a step gust aﬁd a glnu501dal
gust respectively. In these examples of calculation it has been
agssumed that the blade is affected by the quasi-steady aero-
dynamic force and the rotor hub is either fixed (dotted line)
or free for only heaving motion {solid line).

The vibratory characteristics of the load factor is
obvious. For the step gust two peaks and one valley are
observed in the flapping angle as well as the load factor
before the response attains to the steady state.
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The first peak appears with time delay of 0.23 sec. that is
equivalent to the duration within which the rotor has fully
bathed in the gust or R/Veosi = 1/uf. The valley is resulted
from the downwash flow caused by the upward flapping. Then
the response tends to recover the steady state with the
inherent or natural frequency of the blade flapping motion,
which is nearly equal to the uwndamped natural fregquency,

(MB/I 0= Q. :

The inertial effect of the flapping motion brings the
similar fluctuation in the load factor with the phase lag of
M. Due to the gradual penetration of the rotor intc the upward
gust the rotor tends to tilt backward initially, then right-
ward, and finally falls into a terminal orbit.

Similar results can be seen in the response for the
ginusoidal gust too. However, the initial rise in the response
of the load factor and the flapping angle are more gradual
than those obtained for the step gust, because of the moderate
slope of the sine function. This is also verified by seeing
Fig. 4 which shows the difference in thrust responses between
the sudden and the gradual penetrations of the rotor into a
step gust.

Allowing the heaving motion of the hub does not change
the peak values appreciably but alleviates the load factor as
well as the flapping angle in the terminal state for the step
gust. :

It is, from the theoretical consideration described
in APPENDIX A, cbvious that for the sinusoidal gust the response
is, in either load factor or the flapping angle, comprised of
three fundamental harmonic components, the angular velocities
of which are Wa and thQ respectively, as shown in Fig. 5.

3. Wind tunnel test of a model robtor

Wind tunnel experiments were conducted at N¥ational Aerospace
Laboratory (NAL), using a model rotor subjected to vertical gust.
An overall view of the model rotor and mount set up in the wind
tunnel is shown in Fig., 6. A series of vanes which generates
the vertical gust in any shape within the frequency of 20 Hz can
be seen at the backside of the model rotor. Mechanical properties of
the model rotor are also given in TFig. 6.

Shown in Fig. T is a systematic arrangement of the instruments
for measuring forces, moments, angular velocities, and angles;
the rotor driving system:; and the filtering, monitoring, and
recording systems.
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Two examples of test results for the step and the
sinusoidal gusts are shown in Fig. 8 and 9 respectively. The
vibratory characteristics were amplified by uneven finish of
the blades and the lack of rigidity of the model support
system. )

" Fig. 10 and 11 show comparisons of thrust between the
theoretical and experimentsl results at the initial stage for
the step and sinuscidal gusts respectively. It can be seen
that the satisfactory results were cbtained. In order to
stress the above fact there are prepared two drawings, Fig. 12
and 13. The former shows the time lags of the first peak of
thrust responses for the step gust of (a) upwind and (b} down-
wind respectively., Except a wmisterious case at p=0.15 for the
upwind, the thecoretical resulis show good coincidence with the
experimental data. The latter shows the power spectrum of
the thrust coefficient for a sinuscidal gust with angular
frequency of which is wg = 25.1 rad/sec. The biggest peak
at § was resulted from the mechanical vibration of the overall
rotor systems. Shown in Fig. 14 are comparison between the
computed and experimental results on the deviation of the
(a) thrust coefficient and (b) flapping angle from their mean
values.

4. Refinement of the analyses

Three important factors which are supposed to give some
effects on the gust response, (a) Lock number, (b) blade
flexibility, and {c) unsteady aerodynamics, are treated here
for the refinement of the analyses.

(a) Lock Number

Fig. 15 shows the theoretical comparison of time responses
of the lcad factor for the step gust in three different Lock
numbers, y=U.42, 8.84 and 17.68. As expected intuitively,
any noticeable change is not observed except that the larger
Lock number has better damping.

(b) Blade Elasticity

The blade bending flexibility can easily be introduced to
the dynamic analyses based on the LMI. The flapwise and chord-
wise bending and torsional deflections were expressed in m?dal
expansion series and solved by Holzer-Myklestad metho 9,107

The followings are the correction terms in blade pitch
and velocities due to the blade deflections:

AB = ¢
AU? =W (8}
AUT = v
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The equations of blade deflections can be seen in APPENDIX C.

Shown in Fig. 16 a and b are the time responses of load
factor of the rotor penetrating graduslly into {(a) step gust
and (b) sinusoidal gust respectively. The rotor blades are
considered to be either flexible, shown by solid lines, or
rigid, shown by dotted lines. It can be seen that the bending
flexibility of the blade delays the response. and attenustes
the load factor. The difference 1s appreciable for the
sinusoidal gust, specifically, in steady response.

(¢) Unsteady Aerodynamics

As written in APPENDIX B, the unsteady 1ift of a two-
dimensional wing which has a simusoidal pitching and surging
motions and is operationg in a sinusoidal gust - can be obtained
analytically. The principal parts of K and‘Kﬁb in APPENDIX B
can be approximated by the following cofplex expressions, 1ift
defficiency functlons for complex sinuscidal 1nputs,1n the small
reduced frequency k :

= Jo(kaz)c(k)e—j(kazcosw) (9)

j(kazcosi-k)

Ko
Ko = Jy(kas)s{k)e
G

where G(k) and S{k) are the theodorsen and Sears functions respect-
ively and Jolkas) is the O-th order Bessel function.

The above 1ift defficiency functions, K and Kg,, are
respectively shown in Fig.i7 a and b, in comparlson Wl%h the
Theodorsen and Sears functions. As sgeen from equatlons(Q) and
these figures the 1ift difficlency functions are very close to
the original functions, C(k) and S{k).

Bhown in Fig.1l8 is time responses of the load factor
for a sinuscidal gust in comparison of the unsteady aerodynamics
with the guasi-steady aerodynamics. A little phase difference
can be visible but the dynamic behaviour is almost same for the
both results because of small reduced frequency. However,
higher reduced freguency does not bring any appreciable thrust
change because the wave lengh of the gust approaches to the
rotor diameter,
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5. Conclusion

The local momentum theory(LMT) has been applied to analyze,

the gust response of he11c0pter rotor ‘and verified by the wind
tunnel tests.

Since the LMTI is possible to calculate the instantaneous
load distribution along the rotor blade in desirsble timewise in-
terval, the effects of graduel penetration of the rotor into the

gust can be studied and the Fourler analysis can be well applied
to the random gusts.

The blade flexibility was an important factor for determining
the flapping behaviour of the rotor blade in the vertical gust,
whereas the unsteady aerofynamics of the rotor blade did not bring
any appreciabe change from the quasi-steady serodynamics because
the reduced frequency in the sinuscidal gust was considered to be
small.

Nomenclature
a = 1ift slope A = plrloading
b = wing semi-chord and blade mumber n = blade section mass
c, Cgm = attenustlion coefficlenta n = load factor
ci{x) = Theodorsen function - T = radlus
(:(10 = airfoil profile drag coefficient 8(k) = Sears tunction
Cp = thrust coefficient = 'r/r.ﬂ'r’R"(Rﬂ)2 T = thrust and tension
[ - v.lng chord t = tige
E = Young's mdulus UT’ !IP = tangential and mormal components of
e = distance between maaa anrl elastie a.:ds velocity st a bleds. element
e = distance at root between _glastic v = forvard. velocity
exis and feﬁthering axle 7 ‘VG' = gust forward .veloclty
= shear modulua Vo = vertical gust veloclty
= gravity accaleration vGa = gust amplitude
Ix' IY = .blade crogs-cection moment of inertla B - ﬂqpp.ing angle = 8, + Blcgos‘p + Bhaimi'.l
z = inclination sngle of tlp-path-plane ¥ = Lock nmumber = pack?/I
J = torsional rigidity constant 8 = § function
'.Tn(z) u Bessel function of n~th order <] = pitch angle of & body
3 = imeginary = VoL K = vave number = 2m/A
K » unsteady attenuate. coefficlent for X = wave length
G vertical gust P = gir density
KB = unsteady attenuate coefficient for &(n) = W&guez".mnction
pliching motion of a blade ¥(s) = Kusspner function
k = reduced frequency 1] = pzimuth angle
kA = blade cross-section polar radius Vo = initisl azimuth engle

of gyration . = engulaer velocity of e gusk
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APPENDIX A Expression of sinusoidal gust in the rotor
cordinate system

Let us assume that the rotor advances disgonaily with
the yawing angle, ¥, to a two-dimensional-sinusoidal gust.
The gust given by equation (2) can be expressed in the rotor
coordinate system by applying the -successive coordlnate
transformations such as
(i) transformation from the hub coordlnate axes to the stationary
coordinate axes : :

cos¥ sin¥ O '
™ = -sin¥ cos¥ 0 (a-1)
0 o i/ ,

(ii) transformatlon from the rotor coordlnate axes and the hﬁb
coordinate axes,

cos (Qt+Yg ) -sin(9t+¢o) 0 N _ o
Ty, = sin(Qt+Pe)  cos(Qt+P,)} O (A-2)
0 0 1 .

Then, a point along Xy axis, r, is expressed in the
(X,Y,2) axes as follows:

(%,7,2)7 = T Ty (2,0,0) 4T «(=75,0,0)T+(Xo ,¥0,20) ", (A-3)
where the detailed expression of the X is given by

X = rcos(Qt+{o~¥)-Vtcos¥+ Xg. ' (a-4)

Substituting this into equation_(E)_yields

wG(r,t)/wG0

o

sin[K{rcos(Qt+¢o;W)—(VcosW+VG)t+xo}]

cos(w t+d1) [2Te(a )01 (a Joost
+2n§1{2J1{ac}Jzn(aS)cos(Qt)cos(2nﬂt)+(fl)n
Jola)T, (& eos(2nsn)@eheh ¥ {(-1)°7 , (a)
cos(en+l )t £ 5 (a )eos(2nft)}-27, (2 )0 (2)
sin(t)-2 ¥ ala)a (as)sin(2n+l)9t+(—l)n
271 (8,)7 (a )sin(ﬂt)cos(Qnﬂt)}—h L D% (a)
cos(Eth) ? T, (85 )sin(2mil )2t wsin (v t+¢1)
[Jo(a,)do(a )+2 {Ju(a )J (a )+{-1) Jg(a )J

=)
(ac)}cos(Qnﬂt)+hnE1{(—l) Jzn(ac)cos(Enﬁm)*
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nE, ¥, (8 Jeos2(mlt) 142d; (a )1 (s, )sin20t

L zl{Jl(ac)J2n+lCaslcos(Qtlsinc2n+l)9t*(~l)nJ1

(ea's)sz+1 (a,)sin(0t)cos (2n+1)§2‘b+(-1)ngn+1 (2,) .
cos(anrl)ate £ 5 . (s )sin(em1)@t}]
where Resd
a = a(x)coshy
o, = alx)sindy
a(x) = kRx = kr _ . (A-6) .
Y= YoV -
b = xoK

APPENDIX B Unsteady aerodynamics for rotor blade

When a rotor blade is operating in a vertical gust, the
quasi-steady airloading can be given by

1 = ac(U 294y

w = 2 (B-1)

Ve

where

Up = R(xHisinft). (B-2)

However, if the variations of the blade pitch and the gust

are not slow, the unsteady aerodynamic loading musi dbe.considered.
Then, by. applying Duhamel's integration after hawving multiplied
the time derivatives of Wagner function @ for the pitch change
and the Kussner function ¥ for the gust variation, the following
unsteady airloading can be obtained. :

1, = - goacl’ {0,26-00(s) U, <S¥(s)}ar - (B-3)
where
- C(x) _Jk
8(s) = wa g ?k) jdk " B
_ 1 8(k) Jx(s-1 {B-4)
‘P(S) = awf_m'—-j"l?—e s .
s = s(1,%) = l tU {t)dar = (—){Qx(t—’r)-—u(cosﬂt—cosm)}

and where C(kl and S(k) are Theodorsen and Sears functions
respectlvely
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By considering the first harmonic feathering oscillation,
= + 0 i -
8 = 8 61 ccoslb Sl'sslnw, _ ' (B-5)
and a random gust written in Fourier expansion series,

wG(t ) = w G +m§1 (w G’mccosmmth,mss 1nmmt) (B-6)

equation (B-3) yields

1 2 _ _ —
Zuslep(EQ) ac = K@'®+KWG (wG/UT) = KQ.G+KWG W, (B-T)
The detailed expression of the above equation can be seen in
Table B-1. :

APPENDIX C Modal equations of motion

Equations of blade chordwise and flapwise bending
deflections, v and w, and torsional deflec.:t:i.oné ¢, can be
given respectively by the following equationst ):
~(Tv' Y1 +[{ET_-(EI _-EI_)sin?0}v"

Z 4 N (C‘“l)

-(EIZ—EIy){%w"sin29—¢v"sin26+¢w“;osQG}]" = Lv 
~(Tw' )'+[{EI +(ET -ET )sin?6}"
lyl'l a : y‘l‘! m"_- " (0—2)
+(EIZ—EIy){§v sin208+¢v" cos28+¢w"sin20}]" = L
—[(GF+Tk, 24" 1'+{BT_~EI ) [E{(w")2=(v")2}sin26
. A ) Z y 2 (0_3)
'+v"w_"c0526]'= M¢ -
where_ _
L. = F_ +m[-200+2eQ(v' +6w' }+e0l
v Cay
+0? (eg+2e) ]-m[V-e88-0% (v-e64) ]
L, = Faz«-m(q+e9-—e928)-m(ﬁ'+e$) {c-L)
M¢ = Maxfm[eg+kA2(B+928+2ﬂﬁ%')+e8(eoﬂz—2ﬂﬁ)]
—me [#-07+80%vhe o Q2 P+r% (w' —-6v' ) ]
and where -
(") =-3()
at (c-5)

() ==20)
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5)

6)

T)

8)

9)

1 2
2PUp Cq, *Ei %y

ay . “
oz =Ali(see eq.(3) ) : - (c-6)
L2 2 .
M¢ = ~§12)U.T c Qm
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TABLE 1 Rotor dimensions

Item Rotor used in Roter used in
theoretical calculation | experimental test

Rotor radius, R 8.53m 0.T5 m
No. of blades, b L 2
Blade chord, c 0.3317 m 0.085 m
Rotor rotational speed, Q 23,67 rad./sec. 104.7 red./sec.
Blade twist angle, E)t -8 deg. 0 deg.
Collective piteh angle, 90 8 deg, 2 ~ b deg.
Cyelic piteh angle, @1.: 0 deg. -6 - 6 deg.
8, | 0 des. ~6 ~ 6 deg.
Position of flapping hinge, rB 0.3 m g.03 m
Blade cut off, r, 0.594 m 0.086 m
C. G, position of blade, Tg 2.Th m 0.2475 m
Blade mass, ng 10,86 kg sec.Z m-1 0.058 kg sec.? o1
Moment of inertia of blade, I 162.6 kg m sec.? 0.0125 kg m sec.
Mass moment of blade, MB 169.3 kg m sec? 0.01638 kg m sec?
Lock number, Y 8.84 1.ks
Wing section WACA 0012 KACA 0012
Advance ratio, B 0.18 0.15 ~ 0.3
Gross weight, W 6,353 kg
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