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NOMENCLATURE

Blade section two-dimensional 1ift-curve slope
Pylon damping coefficient

Rotor torque coefficient, Q/kvrﬁéfzg
Characteristic moment of inertia of blade
Engine inertia

Pylon roll inertia

Governor integral feedback gain
Governor proportional feedback gain
Engine shaft £pring constant
Interconnect shaft spring constant
Rotor shaft spring constant

Fylon roll spring constant

Number of blades

Wing torsion degree of freedom

Wing vertical bending degree of freedom
Wing chordwise bending Adegree of freedom
Rotor torque acting on hud

Engine torque

Engine shaft torque

Interconnect shaft torque

Transmission case reaction torque
Torque transmitted to wing tip

Engine damping coefficient

Engine gear ratio

Interconnect shaft gear ratio

Rotor radius

Alr speed

Fylon roll degree of freedom
Shaft axes roll angle at hud
Shaft axes roll angle at wing tip
Rotor Lock number
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Pylon angle of attack (0. for cruise mode)
Damping ratio, fraction of critical damping
Collective pitch control

Alr density

Rotor solidity ratlo

Rotor agimuth, trim value

Transmission azimuth, perturbation value
Transmission azimuth, trim value

Engine azimuth, trim value

Engine azimuth, perturbation degree of freedom
Rotor azimuth, perturbation degree of freedom
Rotor rotational speed

time derivative

normalized cuantity (divided by NI, as well as made dimensionless

using 5. 52, and R)
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THE TNFLUENCE GF ENGINE/TRANSMISSION/GOVERNO% ( N
TILTING FRCPUCTICR AIRCRAFT DYNAMIOS

Wayne Johnson*

Ames Research Center and
U.S. Army Air Mobility R&D Laboratory
Moffett Field, California

SUMMARY

An analytical model is developed for the dynamics of a tilting proprotor
ailrcraft engine and drive train, including a rotor speed governor and
interconnect shaft. The dynamic stability of a proprotor and cantilever
wing is calculated, including the engine/transmission/governor model. It
is concluded that the rotor behaves much as 1f windmilling as far as its
dynamic behavior is concerned, with some influence of the turboshaft engine
inertia and damping. The interconnect shaft has a significant influence
on the antisymmetric dynamics of proprotor aircraft. This report also
extends the proprotor aerodynamics model to include reverse flow, and
develops a refinement on the method used to calculated the kinematic
pitch/bending coupling of the blade.

INTRCDUCTICN

The rotor rotational =peed perturbation ("’,) has an important role
in the dynamics of tilting proprotor aircraft, as shown in references
1 and 2, In these earlier investigations, the author considered only the
two limiting cases of a windmilling rotor and constant rotor speed.
However, because of the great impact of the rotor speed degree of freedom
on the dynamics, a better model for this motion must be developed before
proceeding to more advanced studies. This report develops an analytical
nodel for the rotor speed dynamics, including the turboshaft engine inertia
and damping, drive train flexibility, and pylon roll motion. A rotor speed
governor is also included; and the interconnect shaft betweea the rotors, which
has an important effect on antisymmetric dynamics of the vehicle.

*Research Scientist, large Scale Aerocdynamics Branch, NASA-Ames Resetrch Center
-4~

pa—

N M RSP RA] YN oo iy



NeTn et pem w T o e e

This report is an extension of reference 3, which develops an
analytical model for tilting proprotor aircraft dynamics., JTn addition
to the engine/transmission/governor analysis, the proprotor aerodynamic
model is extended to include reverse flow, and a method is developed
for calculating the kinematic pitch/bending coupling of the rotor blades.
The notation of this work follows that of reference 3.

ENGINE/TRANSMISSION MCDEL

In references 1 and 2, the windmilling rotor and constant rotor
speed cases were considered., For windmilling or autorotative operation,
the rotor is free to turn on the shaft. No torque moments are transmitted
from the rotor to the shaft, and no shaft roll motion is transmitted to
the rotor. The equation of motion for the rotor speed perturbation (‘4.-1 )
is just Q = 0, or CQk-a = 0., There is no spring term, so the system is
first order in ¥5 . The rotor azimuth perturbation ¥ 1is defined with
respect to the shaft axes, which have ro.ll angle oy i thus the rotor speed
perturbation with respect to space is g+ dry .

For the constant rotor speed case, the %; degree of freedom and
equation of motion are dropped from the system (1.e. the appropriate row
and column eliminated from the coefficient matrices). The solution for
the rotor speed perturbation is just s = 0, so the rotation speed with
respect to the shaft axes is constant at the value S2 .

We consider here a more general case, including the turboshaft
engine inertia and damping, the drive train flexibility, pylon roll motion,
and the interconnect shaft. The degrees of freedom in this model are:
rotor rotational speed perturbation (% , With respect to the pylon), engine
speed perturbativn (’;L , with respect to the rotor speed), and pylon roll
motion (edp, with respect to the wing tip). Figure 1 illustrates the model
considered, showing the rotor, rotor shaft, tranemission, engine, pylon, and
interconnect shaft; the pylon is attached to the wing tip. Tilting proprotor
aircraft have an interconnect shaft running through the wing between the
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rotors, so that in the event of an engine failure the remaining engine can
drive both rptors. Note that in the model we consider, the interconnect-
shaft bevel gear reacts directly on the wing tip, rather than on the pylon;
this distinction is not relevant unless the pylon roll degree of freedom is
included. 1In figure 1, KM' KE' and KI are the shaft torsional stiffnesses;
KP is the pylon roll stiffness at the wing tip. (The interconnect-shaft
stiffness KI i1s for the entire shaft, 1.e. a single spring between the two
transmissions. The interccnnect-shaft bevel gear ratio is accounted for

in the definition of KI') The transmission gear ratios are r, and r_.

E 1
The engine and pylon axial moments of inertia are IE and I,

P

Figure 2 defines the motion throughout this model. The trim
rotation angles are the rotor azimuth AV=SLt, the transmission rotation
AWp » and the engine rotation NWg (W, =§2t and Wg = rEQt except
for shaft wind-up in the springs K, and KE). The perturbation rotations
are: rotor azimuth Mg , transmission W3 (with respect to the rotor),
engine &, (with respect to the rotor), and the pylon roll angle otp (with
respect to the wing tip). The angles rather than rotational speeds are used
as varlables since this model does introduce springs on the rotations
(due to the governor and interconnect shaft). The shaft axes roll angle
ofg, 15 due to the support degrees of freedom (see reference 3).' and is
transmitted through the engine/transmission model to the rotor. We retain
the definition of \Q as the perturbation of rotor azimuth with respect
to the pylon, thus the shaft axes roll angle at the hub is now oy = Oy +¢p.

Figure J shows the torques acting throughout the system. Q is the
rotor torque on the hub, which is t;ansmitted through the engine/transmission
nodel to the rotor support. The transmiited torque is Qo. Note that the
interconnect shaft only produces a torque for ths antisymmetric motions of
tho aircraft, For symmetric motions, the two rotors produce a rotation
of the ends of the intercomnect shaft in the same direction and megnitude,
so Q; = 0. VWe shall include the interconnect shaft in the derivations

then, but for symmetric motions set KI = 0.
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The model we are developing only influences the transmission of
the rotor torque and shaft axes roll angles (Q and org ) between the rotor
hub and the rotor support (wing tip). The other hub forces and moments are
not involved in this analysis., Thus the c:ly change to the analysis
of reference 3 is the addition of equations of motion for the degrees of
freedom “'Ps ’ N’,_ , and o¢p . Specifically, we retain the concept of the
interface hetween the rotor and support systems occuring at the rotor hub,
since translation of the engine/transmission model along the z axis
(the shaft) is irrelevant.

Balance of the perturbation torques throught the model gives the
following relations:

rotor shaft: Q= k» W;

transmission: Q+ Qg, g + Rz =xc
Qv w (e NQ ~ S =28

interconnect shaft: QO = 2 kg (~op,=op +3(Ysag))
(1(I = 0 for symmetric motion)

engine shafts Re, = ke (g ~ Ve

" *» . - . . o . N
engine dynamics: T (e + a2 —olg,—tup) + Qn(w.-n"?‘- %-”3

- Q" ;

. o . .

pylon rolls To(or +003, ) 4T (&p + g - ¥, = %,) ‘

“ L) o .
pylon flexibility: Qo = Q + Xp(atproy,) +X, ( op +&“-W‘ -Gy )

Now eliminating Qu aid ‘V‘ » We have
1

| - (km+ 20t M
Km+ g Ky + 20 ky * z"::z:::g (-c;;-uw)
- 's f‘.l‘ $

'



and

¢ km 720 K
Q= — k% @6, + -—~———,,_z (g, +otp)
KM+ Zfz" l: Em + 2.1‘ kz
km 2":&1

——— -

Thus the equations of motion are:

Ny equations
&= Kn"; Xg ('t“'.s -+ Ve "'°'§° ““'3
L,.+z«-'-\;,, + Qg (FgWy + W = d1g, ~orp)
2 2k
- Km2fkz oy o _-————-——vk" S Cag,+ o)
Epm+ 202Ky Kt 205 Ex
N, equaticn:
e " L ‘e )
‘:e(*g *f‘w$—°l‘.—°¢ 4-‘9“ (f‘“‘s"’w -o('
+ (lM.pZG' k:\kc zr‘h’.uf (“ *e")
¥ — 03 oy (%ae
Kt g+ 20 EE merd ke +265 ¥z
2ea ¥z g ¥ N, = O
Kmttier 2atix
op equations

L] w " "
CTp+ TgMap+3g,) = Tg(Weveg¥ )+ kpoy x -Q
shaft motion transmitted: Ol = oige 4 alp

Qe mQ + (Zprzg) (S0 + vas)

to transaltted
Tque frenem ' -xgl ?. + “75)
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We shall assume that the engine and pylon lnertia arve included in the
inertia of the rotor support. Then we may use simply Qo = Q. We shall also
add pylon roll structural damping, Cg = CP/NIbﬂ to the ep equation
( to 137 critical damping is typical).

Following reference 3, the equations are notmalized by dividing by
NI, (N = number of blades, I, = characteristic moment of inertia of the
blade); and the variables are also made dimensionless using ' (9] , and
R (the alr “ensity, rotor rotational speed, and rotor radius). Thus the
equations of motion for the engine and transmission model are:

‘V’ equation: .
_C_as —E_':_:‘i::((‘e“\"_s&‘:g—;;.—;I’S
o ) . . .
Kz -+ Q;_ (rgWs + e "d;.-df§§
*
¥ Sty 42k
— K 2%y, 4 g =, + o)
Yoz K
W‘ equation

I.: (q’o + Mg — ‘;'e.";‘#\ + Q:—:, (e + fe'Ys -‘o't.‘;qb

& & ~» &
v Moxbe oy, — BEEETERT (o)
Kugx K=z

< &
+ f!h’zr:_}‘ ¥, =o
|
oly equations

(:;:-vz:) (3? +&;.§ - 3’-:(%""‘;”53
4 .
4+ Cp op + Y-'*eq» = -y
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shaft motion transmitted: g = o3, + o
torque transmitted: R = Q

where

T = Te /NI,

=p* = zp/nzxy,

S T X T N v iy
¥ = Xy /NT S
Kg = X/Nx=, 0t
k¥ = k/nx, et

-+
Kz = \'.: + 2} Y_:
*
Xugx = K: +r"'\v.: +2r;'k.:-_

The turboshaft engine damping is approximately related
to the engine operating condition by
QO = ol = Ste = Frorr
292¢ s2g, 't S rer
This approximation is based on dimensions’ amalysis, engine theory, and
turboshaft engine 4ata (references 5 and 6)., 1In coefficient form then:

& AN < ce .
Qg, = RTT = c-‘l (B [ gl Y LN

where cQtru is the trim rotor torque or power coefficient. This engine
damping is typically small compared to the proprotor asrodymamic
rotatioml danping in cruise flight. The engine inertia is generally
=0Te important.
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For the windmilling case, we simply set Ig = Q;_- 0, and drop
the ¥, and o<p degrees of freedom from the system. For the constant rotor
speed case, all three degrees of freedom M, , Y, anmd o and
their equations are dropped. This model also may treat the engine out
cace, for which there 1s no engine damping, by setting Q‘;.- 0.

The complete model developed here includes the rotor speed, snsine
speed, and pylon roll degrees of freedom (Wg , W, ,™p ). We ghall find
however that W, and oy are not very important to the dynamics. For
antisymmetric motion of the aircraft, the interconnect shaft is included;
for symmetric motions, KI = 0, A rotor speed governor is also included, for
symmetric motions only (as discussed in the next section). Note that the
AWy  equation is firet order (no spring term) except for the antisymmetric
case (which introduces the interconnect-shaft spring), or when the governor
is included (which gives a weak spring on the rotor spead for symmetric
notions also).

ROTCR SPEED GCVERNCR
We consider a rotor speed governor using integral plus proportional
feedback of the rotor speed error ( £ ) to rotor collective:

(Y o)

a0 = kgstc.n-to +~p L

The proportioml gain K P is for helicopter mode operation, to incresse
the rotor rotatiomal damping in low inflow; it is programmed with nacelle
tilt angle §¢ =0 that Kp = 0 in proprotor cruise mode ( Sp = 0).

Assume that the sensor measures the inertial angular velocity at
the center of the interconnect shaft in the fuselage: then, using the equations
of motion, the rotor speed error is

Ca iy +Wy = S8 _ o

s 2
= ’;t. + "‘: b - A (& 2 )
;-:—:-f-.tt: () x Lo ¥+ =
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For typical transmission gear ratios, the last terms in & are only a
few percent of N.:‘ « Thus we assume for now that the governor measures
the rotor speed perturbation directly, € = '0", » 80

A.':“ - %1'Ws L'P;V‘

This is the governor model for use with the rotor and cantilever wing
amlysis of reference 3. With a complete aircraft model the exact expression
for © could be used, but in general T = Wy 4s close.

Since the rotor speed error 1s measured at the center of the inter-
connect shaft, the governor acts only for symmetric motions of the aircraft.
Note that the governor integral feedback adds a &~~ing to the \P_s equation,
although we will find that it is very weak.

An elementary analysis of the governor and rotor speed dynamics
is possible, following reference 2. The uncoupled equation for ‘¥ 1is

where Qg and QQ are the serodymamic torques on the rotor. The eigenvalue
of the rotor spesed mode, with no governor, is then

($ is the inflow angle at 3/4 rudivs, tan ¢ = »/r,i see reference 2).
The governor equation for cruise mode is O, Kxg s 80

TS s + B W + Kz ¥Qe W =0
Then since K, is small (of the order .02), the roots are

s - f_:) +;z%z
TR EECE -l ALY

These are quite good approximations to the governor and rotor speed rcots.
The governor adds a very small real root (long time comstant) to the system,
and decreases slightly the magnitude of the rotor speed root.
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REVERSE FLOW

Before examining the influence of the engine/transmission/governor
on the proprotor dynamics, two extensions to the analysis of reference 3
will be develoved. The first extension is the incorporation of reverse
flow in the aerodynamic model, which requires only some modifications to
the pitch moments on the blade. By considering high inflow, the effects
of reverse flow (mainly a matter of some sign cringes in the reverse flow
region) have automattically been included in the 1ift and drag forces. For
example, the blade normal force in reference 3 is

JES = bl k1’§%i ~ ééi‘)

ac

where U = J UT!! + u% and & = @ - ta.n'luP/uT. For low inflow these

reduce to
Fe =

1\
oy 2 \ T‘ WUae O

since U ¥ h’f‘ ad A¥ © - up/u,. The absolute value on u, is the

reverse flow influence, included automatically by the use of U = un + ug .
The aerodynamic pitch moment expressions of reference 3 require some revision
however,

Including reverse flow effects, the aerodynamic pitch moment about

the elastic axis is now

eash

= | 2 SSwee ™M
Mae L -+ Mws

where x, is the distance the aerodynamic center is bet 1 the elastic axis,

< is the moment coefficient atout the aerodynamic center, and “1:3 is

thécunsteady moment; and —_—
A normal flow :

Rpe =
- (‘A * %. ) reverse flow

The unsteady aerodynaric moment is:
) 8
Mus - S0 WIB (R ()
[ 2
+(warugw') (|+q’-‘é")]

«y0~

ity ool Mt i " Fove
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where w is the upwash velocity normal to the blade surface (w = usin® - u cosQ ),
B = 34/ x (mainly the pitch rate @), and V = uTcose + usin@® . For

stalled flow, the unsteady moment is set to zero, US = 0,
oo

N T ]

Thus the only change to reference 3 is in the aerodynamic coefficients
of the pitch/torsion equations of motion (pp. 89-90 of reference 3).
The AC-EA offset X, 1n the derivatives Marps Maps and MaB is replaced
¢ by the effective offset XAg$ and there are additional sign changes in

the unsteady aerodynamic moments. Including reverse flow, the aerodynamic
coefficients are now:

3
Mpup = S,” t?n - CF;...T-.C + F#.--IB) '\‘Av. Jor

", -t D_r
M = Lim-f - Fer % +in«3-\lu3 -
- SR N (I D EIERY Y

MPVJ, T pcasNe My
+ g‘mg §- (1+4 *“3/‘9-*? 0 &

\ -
Mew> = Sep L SxMap — (Fupa +F.,f0-x. Jer

- Mh.(.! = Sc” Y.iu("\n'. - (F"u "'FQP.QA) yA'. 3"@(
| +S‘- ig 12 (""4‘“)2\«3.‘49&4’

Mppp = menaWam Mo
— Som 3x %; IVI O+ 8% + 1 (3 ar

"'Sc" }‘ = (I+4 M>/“"‘~ wed Or
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PITCH/BENDING COUPLING

The second extension of reference 3 we consider is a method for
calculating the kinematic pitch/bending coupling Kpy. The fefinition of
Kpi is the rigid pitch motion due to a unit deflection of the i-th bending
modet p,Y-)

Kp, = B—i

(For an articulated rotor, the first "bending" modes are rigid lag and
flap motion atout the hinges.) It is possible to simply input the kinematic
coupling parameters to the stability calculations, if values are available
from either measurements or some other analysis. It is also desirable
however to be able to calculate the coupling from a model of the blade
root geometry.

Figure 4 i1s a schematic of the blade root and control system geometry
ve consider, showing the position of the pitch bearing, pitch horn, and
pitch 1link for no bending deflection of the blade. The radial locations
of the pitch bearing and pitch link are Tra and Tpy the lengths of the
pitch horn and pitch link are Xpi and Xpp,® The orientation of the pitch
horn and pitch link are given by the angles +PH+ 9.75 and *PL"
Control input produces a vertical motion of the bottom of the pitch 1link,

and hence a feathering motion of the blade about the pitch axis,

Bending moticn of the blade, with either bending flexibility or
an actual hinge inboard of the pitch bearing, produces an inplane or
out-of-plane deflection of the pitch bearing. With the bottom of the pitch
1ink fixed in space, a pitch change in the blade results. The vertical
and inplane displacemen's of the pitch horn (the end at rPH) due to bending
of the blade in the i-th mode ares

Az= 9 Ta-( v‘ia"‘cﬂ — N Cem) U\:,—fpﬂ)
INE L f.-(\'{-,lr;n - 31': Ca) (=) D

The kinem:tic pitch/bending coupling is derived from the geometric constraint

-13-
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that the lengths of the pitch horn and pitch link are fixed. The result is:

0‘-“4“..‘?4 +““‘4’PL~QIB' (;)[\-“'F&)"‘?;(r&3 (rFA_(\P\‘\%
—xtn 2 CPpp + Opg + Pod

Kp. =

i -

Similarly, for a gimballed rotor the pitch/gimbal coupling is:

—(Ton/Yop) oo dm,g CEPG) pitcm Mern Wat'teutal

—
—

coa (Ppy + Og + PoL) caa Choy + Oag + SpL)

k'Pc.,"

INFLUENCE OF ENGINE/TRANSMISSICN/GCVERNCR DYNAMICS

Finally, we shall examine the influence of the engine, transmission,
and governor on the proprotor dynamic behavior. The case considered is
a gimballed rotor operating in high inflow axial flight on a cantilever
wing; this is one of the cases treated in reference 1. The degrees of
freedom used are: gimbal pitch and yaw; two bending modes and the rigid
p! .cn mode per dlade; rotor speed perturbation; and wing vertical bending,
chordwise bending, and torsion. lor the standard case here, the % and o
degrees of freedom, the governor, and the interconnect shaft are not included.
For the dynamic behavior we consider the eigenvalues of the engine/transmission
model, given in Table 1, and the damping ratios of the three wing modes,
given in figures 5 through 8. Table 1 also presents the rms gust response
of tae rotor and wing degrees of freedom, due to random excitation by all
+hree gust components. The gust response is nondimensional, and normalized
by the gust rms magnitude; only the relative values among the various
cases are of concern here. A number of cases are considered, demonstrating
the impact of various model elements on the system dynamic characteristics.
While the discussion may center on the figures (i.e. on the wing mode stebility),
the conclusions are based on comparisons of the roots and gust response as well,

-14-
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For our examples we consider the 7.42 m diameter gimballed rotor
described in reference 1. This rotor is designed for 29000 N. hover thrust
at a rotor speed of 48 rad/sec. powered by a Lycoming LTC1K-4K engine
(modified T53-L-13B). The numbers used for the engine and transmission are:

I:.—. Y -1-1 s 31)
::P“*.-.- 2 LWL
Kt = Vo33
w = s.51
xy = .olkss
K: & 007 a7
g = 35.2
= - 5.9

and for the governor

Ky = 0lLbT]

e
o = -4 (5

These are based on Ib = {142 kg-mz, £2 = 48 rad/sec, and N = 3 blades,
The perameters for the rest of the analytical model are given in
reference 1.

Figure 5 shows the variation with forward speed of the damping ratios
of the three wing modes: wing vertical bending (qi), chordwise bending (qz).
and torsion (p). Comparing the cases with and without the rotor speed
governor, virtually no influence of the governor on the proprotor dynamics
is observed. The governor adds a small negative real root to the system.

The long time constant of this root (' & 25 T 4 revolutions) is responsible
for the small effect of the govermor. A greater influence is possible at

low inflow {helicopter mode), whare the asrodymamic damping of the rotor
rotational speed is smaller.

Figure 6 shows the influence of the A and olp degrees of freedom
on the system, The engine dynamics case has the Ay degree of freedom,
including the engine inertisa and damping. The engine and transmission

-15-
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dynamics case adds the LHL and oxp degrees of freedom. Little influence

of the engine speed perturbation and pylon roll motion on the dynamics

1s found, except for some coupling of these degrees of freedom with the
collective rotor modes (coning and collective lag). The small role of these
degrees of freedom is due to the fact they are defined not relative to space,
but relative to the important motions of the systems AP, 1is the
perturbation with respect to Mg , due to engine and rotor shaft flexibility;
ard o¢p 1is roll of the pylon with respect to the wing tip, which is a high
frequency mode. Figure 6 also shows the eingine out case, for which the
engine damping is dreopped. There I 1ittle influence of the engine

damping on the system dynamics.

Figure 7 compares the present model of the rotor speed dynamics with
the earlier models: the windmilling case, for which the englne inertia
and damping are dropped; and the constant rotor speed case, for which the
¢ degree of freedom is dropped entirely. The dynamics of a proprotor
with a turboshaft engine are very close to the case of a windmilling rotor.
There is a small influence of the engine inertia and damping on the rotor
collective modes and on the ¥ mode, but in general the differences are
not significant., Cn the other hand, the constant rotor speed case is not
a good model for a proproter with a turboshaft engine. As discussed in
reference 1, the rotor speed perturbation has an important role in the
proprotor dynamics.

Figure 8 compares the dynamics for the symmetric and antisymmeiric
motions of the system. 1In the latter case, the interconnect shaft introduces
a strong spring on the rotor speed perturbation; the Wy root becomes an
oscillatory root with a frequency above .5/rev. The interconnect shaft has
a substantial impact on the stability and gust response of the wing modes.
The wing vertical bending mode (ql) is stabilized, and the chordwise bending
rode (qz) destabilized. A similar influence is observed on the dymamics of
the complete vehicle (see for example, reference 4), whers typicelly the
dymamic stability boundary is determined by an antisymmetric wing-chord
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type mode. This effect of the interconnect shaft is due to the spring on the
rotor speed, which changes the phasing of APS relative to the wing motion.
In the 9 mode, “ﬂ; is in-phase with qy for the symmetric case, but

lags Q by about 90° for the antisymmetric case. 1In the q, mode, ﬂg lags
q, by about 60° for the symmetric case, and 1is 180° out-of-phase with q,
for the antisymmetric case, There is little influence of the interconnect
shaft on the rotor modes in general. The gust response of Ni is actually
somewhat lower for the antisymmetric case., However, for the antisymmetric
case the 'P_‘ motion produces drive-train loads, which may be significant;
indeed typically the design limit drive-train loads are due to antisymmetric
longitudinal gusts.

CONCLUSIGNS

In summary, there 1s some influence of the engine inertia and damping
on the proprotor dynamics, little influence of the governor, ami little
influence of the engine speed or pylon roll degrees of freedom. The
dynamic behavior of a proprotor with a turboshaft engine 1s very close to
the case of a windmilling rotor. The interconnect shaft has a large and
important effect on the dynamics for antisymmetric motion of the proprotor.

On the basis of the ypresent results and those of reference "1, we
conclude that the rotor model required for an analysis of proprotor dynamics
consists of the following degrees of freedom: the first two bending modes
and the rigid pitch mode per blade; gimbal pitch and roll for the gimballed
rotor; and the rotor speed degree of freedom including the engine inertia
and damping effects., This is a nine degree-of-freedom model: in some cases it
may be reduced to six degrees of freedom by using the quasistatic-torsion
approximation, as discussed in reference 1. The rotor speed governor can
be included for completeness; it does not add any degrees of freedom to
the model.
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Figure i.

Scheaatic of proprotor transaisstion, engine,
and interconnsct shaft.
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Figure 6.

200 400
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Wing mode damping ratios for gimballed proprotor,
showing influence of engine and transmission dynamics
(N, and otp degrees of freedom included), and
engine danping (absent for engine out ocase).
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Wing nmode damping ratios for gimballed proprotor,
comparing windmilling and constant rotor speed cases
with model including engine dynamics,
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Figure 8, Wing mode damping ratios for gimballed proprotor,
for symmetric and antisymmetric moticn; the latter
case includes the interconnect-shaft ‘nfluence.
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