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Lift curve slope: AQq /Au(:
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Instantaneous geometric angle of attack with respect
to the tip-path-plane.

Stalling angle of attack for the blade sections.,
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SUMMARY

This investigation is an initial effort to obtain a solution to the
airloads problem for a rotating wing in steady-state translational flight.
A sufficient amount of the wake detail was retained to enable accurate.
computation of the wake-induced velocities at the blade. The method of
solution developed is numerical, utilizes high-speed digital computation,

and is relatively simple to use.

Each blade is represented by a segmented lifting line and the shed
and trailing vorticity distributions are represented by a continuous mesh
of segmented vortex filaments originating at the instantaneous position of
the blade. The wake of each blade of the rotor is different; these wakes
change with the azimuth position of the blades to correspond to the instantan-

eous wake configuration for each azimuth position.

The method developed was used to compute the rotor airload distri-
butions for the Bell HU-1A, the Sikorsky H-3kL, and an NASA model rotor in
forward flight. The computed airloads were harmonically analyzed and the
radial distribution of each harmonic compared with the measured distributions.
In general, encouraging agreement is obtained in these comparisons. Effects

of changing some of the parameters of the computation were investigated.



CINTRODUCTION .

The problem of predicting the aerocelastic response of rotating wings
is generally recognized to be very difficuit. The iﬁdﬁééry has had to rely
on expensive empirical methods and pnast experience to design and develop |
these aircraft cbhpoheﬁts. T T

It is believed that the investigation that is being reported herein
can be put in its proper context by relating it to the continuing research
program on helicopter dynamics that has been carried out for many years at

Cornell Aeronautical Laboratory.

-

One of the earliest direct anticedents (initiated in 19L5) of the current
effort is the "H-5.Variable Stiffness Blade Program", Refs, L - 21, That study
was initially aimed at determining if rotor blade structural stiffnesé was
an important factor in the blade fatigue life, Early in this program it was
found from strain gage measurements (made in flight) that higher harmonic order
bending moments of large amplitude existed when a multiple of the rotor rpm
was near the frequency of the second or third natural bending mode, }hereafter,
emphasis of the program was concentrated on investigation and evaluation of
the resonance effects, It was postulated that the forcing functions exciting
the bending modes of the blades (and the fuselage modes) arose from aerodynamic

forces whose existence could be explained only on the basis of nonuniform inflow



velocities. Comparidon of generalized forces derived from measured strain
data with generalized forces computed from downwash velocities based on
Mangler's analysis (Ref, 22) tended to confirm this hypothesis, It was also
noted that Mangler's analysis was not sufficiently refined to permit adequate

blade stress calculations,

" Thus, The "H-5 Variable Stiffness Blade Program! resulted in the
identification of the complex-induced velocity distribution as the aerodymamic
part and the resonance-conditions as the structural part of the rotor fatigue
problem, A serdemplrical approach based on the use of generalized forces
obtained from strain measurements was recommended for analyzing rotors. It
is believed that this anpproach is still used as a basis for the analysis of

rotor stresses,

Hecognition that the rotor bending stress problem was, in fact, an
aeroelastic problem led to a more careful consideration of the nossibilities
of rotor flutter and, conversely, the possibilities for introducing couplings
between blade modes that would alleviate stresses. Several studies character-
ized by analytical develooments and corroborating experiments were made (Refs.,
23 = 35), It was noted that fair agreement between theoretical and experi-
mental flutter results was obtained for most hovering configurations but that,
under certain conditions, a multiplicity of flutter modes was obtained which
were not predicted. The multiplicity could not be accounted for on the basis
of mass and elastic characteristics alone, and it was concluded that the wake

strength and position associated with the blade flutter motions was a major



effect, In fact, the name "wake excited flutter" was anplied to certain of
the flutter modes that had frequencies which were nearly integer multinles

of rotor speed, TFFurther analytical work resulted in establishmént of a two-~
dimensional unsteady aerodynamic theory for a hovering rotor (Ref. 28) that
predicted the multinle flutter loops and further verification was obtained
from additional flutter and resvonse tests (Refs, 30 and 32). [Porward flight
flutter investigations (Refs. 34 and 35) were also initiated, although it

was realized that no suitable unsteady aerodymamic theory was available for

this flight regime.

The results remorted herein can thus be viewed as a logical development
in a history that started more than fifteen years ago, It began with the
proper identification of the blade oscillatory stress problem and the develop-
ment of an interim semiempirical solution, Then it proceeded through a
systematic series of aeroelastic analyses and validating tests, which led

logically to the present effort,

The aeroelastic problem can be thought of as consisting of two parts:
the dynamic response, and the airloads, They are interdependent and related
in that the airloads cause the dynamic response and, at the same time, depend
on it, Much of the difficulty in obtaining an adequate solution to the aero-
elastic problem is in the airloads part of the problem (specifically in

obtaining an adequate aerodynamic representation of the blades and wake).

Any accurate method of computing the airloads must adequately predict



the wale-induced velocitiss at the blades because the airloads are strongly
influenced by these velocities, However, because the vortical wake of the
rotating wing 1s extremely complex and difficult to adequately represent
mathematically, the »ractical solution of the aeroelastic problem has been
delayed, larly attermpts to solve this »roblem analyticzlly were based on
relatively drastic simnlifications of the wake of the rotor to rake thenm
commutationally feasible, The modern high-snead comnuting machines of today
have made it nossihle to accomnt Tor much more of ths detail of the wake than
has heen nossible in the nast and thus vermit an adequate aerodynamic renre-

~
)

sentation of the blades and wake to be formulated which will enable accurate
comutation of the rotor airload cistribution., The method of computing air-
loads develoned in this investigation makes use of high-sneed digital computa-

tion to retain much of the detail of the wake,

Measured motion and strain data were t d in an effort to separate the
airloads problem from the resnonse rroblem and, thereby, permit concentration
of effort in this investipation on the formulation of an adequate aerodynamic
renresentation, It was found that separating the airloads and response in
this manner was relatively unsatisfactory because known constraints are not
satisfied (e.g., the first harmonic moment about the flap hinge should be zero),
If the motions had been commuted with the airloads instead of using the measured
motions and separating the problen, these constraints would have been satis-

fied,
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The ﬁethGHTHGQeioped was used to compute theAairloé& distributioﬁ for N
three fligﬁt-conditions of an NASA wind tumnel model rotor (described in
Refs., 1, 2 and 3), four flight conditions of the Bell HU-1A full-scale heli-
copter, and two flight conditions of the Sikorsky H-3l full-scale helicopter.
The comparisons of some of these cemputed airloads with the corresponding

measured-airloads are presented and discussed in this report.

Sensitivity of the computed airloads to several of the parameters of
the computation were investigated computationally, and the results are pre-

sented and discussed,



DESCRIPTION OF THE METHOD

The Computational Model

It is assumed that the rotor is operating in steady-state flight.
The generated wake and the airloads are, therefore, the same for each
revolution of the blades, i.e., the form of the wake is periodic and the
blades will "see" the same wake each time they are in the same azimuth
position. It is also assumed that the effects of viscous dissipation in

the wake can be neglected,

Each blade of the rotor is represented by a segmented lifting-line
(bound vortex) located along the steady deflected position of the quarter-
chorde The number of segments, ™ , and the length of each segment are
arbitrary; they are each straight and of constant vortex strength. The
lifting line is considered to advance in a stepwise manner through " N ®

equally-spaced azimuth positionse.

In the wake, the shed and trailing vorticity distributions of each
blade are represented by a mesh of segmented vortex filaments; each segment
is straight and of constant vortex strength. The segmented trailing vortex
filaments emanate from each of the end points of the lifting-line segments.
The segmented shed vortex filaments intersect the trailing filaments in a

manner such that the end points of both are coincident (Fig. 1),



The strengths, éT/i\/ , of the shed elements are equal to the change
in strength of the bound vortex segments between successive azimuth stations
and are deposited in the flow at each azimuth station of the bound vortex.
The strengths, §”:;Ar s of the trailing vortex elements are equal to the
differences in strengths of adjacent bound vortex segments and are deposited
in the flow in a manner such that they connect the bound vortex end points
to the shed vortex end points. The displacement time history of the wake
elements 1s specified, but this specification is relatively unrestricted.

Thus, in this method, any physically realistic distortion of the wake can

be incorporated into the computation of the airloads,

The Simultaneous Equations

For each azimuth position, the airloads are computed at the mid-points
of the lifting~-line segments. Thus, the airloads are computed at ( n )+( ™ )
points of the rotor disk. These points ;i of the disk are labeled as
shown in the example of Fig.dé; subscript, h, refers to position in the disk.

The expression for the 1ift per unit span, for a blade section at any point,;i\
-,

of the disk, is

1 = -
(1) R A
where

(2) T = &Lkh‘\/“l(o{l- _L\:/i + E\}v‘:)



The quantity in parentheses is the instantaneous "effective" angle-of-attack
at the three-quarter-chord point, where "(k is the instantaneous geometric
angle-of-attack with respect to the tip-path-plane, V\k the "effective™®

plunging velocity with respect to the tip-path-plane, and UJ,',_ the velocity
component normal to the tip-path-plane induced by all the wake vorticity and
the bound vorticity of other blades. The strengths T\ of the bound vortex

elements are considered to be the unknowns for the method of solution developed.

The velocity component in a given direction induced at a point by an
arbitrarily oriented straight vortex filament of constant strength is given

by the Biot-Savart law as:

(3) g={¥

where Y 1is the constant vortex strength of the filament, and the coefficient
f is a function only of the coordinates of the point where the velocity is
being computed and the coordinates of the vortex filament end points. The
velocity, WL,Of Eq. 2' can be computed by summing the contributions (given

by Eq. 3) of each individual vortex element of the blades and wake as indicated

by Eq. L.
® W= Ly 4 T
Waike Rades

However, each wake vortex element strength ¥ of Eq. L4 is just the difference
in strength of two of the unknown bound vortex segment strengths, T\._ (i.e.,
X = .‘l - T‘ , where ¢. and b are two values of the disk position

subscript, R ). These ¥ relationships are depicted in Fig. 1 relative to a



point ?b. of the rotor disk. If these differences are substituted for the
Y , Eq. L can be expanded and the unknown Th. grouped and factored out.

Thus, the ).U'L can be expressed as

aN
(3) Wy = Z N -\-\;.
RN

ﬂ
In Eq. 5, the \ . are the unknown bound vortex strengths and each Q_\L is the
sum of all the coefficients % of a common T“; in Eq. he By substituting
the M3, given by Eq. 5 in Eq. 2 and letting ‘L\f O‘\b“(\l\‘dhﬁ RJ , the

following expression for Tb. is obtained:
\VI.\ nN
(6) W= {1\* by z W
S

A set of linear simultaneous nonhomogeneous equations with constant coefficients
is obtained when Eq. 6 is written for each point ?;,_, of the rotor disk at
which the airload is to be computed, Thus, the airloads problem is reduced

to obtaining the solution to this set of equations for which the unknowns are

the ( n )v( N ) bound vortex strengths ?k .

Solution of the Equations

An iterative procedure which is described below is used to solve the
set of simultaneous equations. First, Eq. 6, the general equation of the set,
is rearranged and put in the following form with the unknowns on the right side .

of the equation:

10



n

(7) ih = Z '-G.;; T‘

Ll

*¥-

where
% = o o - /%)

G = 1.0

i, =-1L. /(cm..\>l G- M /W)

Thus, the set of equations to be solved is:

‘i‘f- (I.O\T: + E{,LT‘I + G—:l‘-‘; S R +§i“‘i+ ¢ e +q-"“.“v“.“

Ez :" G-{_J\T\\ + Li'oy.v\ <+ -q_.z'-}—\-‘"\' . L S I R +—Q-. -v*_ .« e +ﬁ.“’N‘r\h'H
(8)

- - = T o T
LB+ Sale BT o v e kT o 48T

pad _ 0 = —
_Yy‘ + Gk,\-r'\ + q:,\-n‘ [ SRR +L"°3\h+ » & + GL'&-\‘;*' v oe e '\'GL‘“N-\"“N

.
hd .

- -— — - _— - -
IW-N= (I-;‘N'\T’v.‘. q:"‘}h*f. G:.N"l“". [ S S S S S +G:\~N,&Th+ v e +(‘-°)T:,N

For the first iteration only, the set of equations is assumed to be completely
diagonalized (i.e., the off-diagonal a‘ ¢ are assumed equal to zero); thus,

L) =
from the first iteration, the TL are equal to the I,‘ vwhere the superscript

represents the iteration number. The second and succeeding approximations to

11



the TL are obtained by an iterative procedure governed by the following
\3)
equation which is solved in succession for —\1 with R= VL% oo meN 2
W - o _W oN G
ﬁ
) L= L-Z T - 2 ST

R / X (
L) AR

The following is a brief word description of the iterative procedure governed

by Eq. 9:

Beginning with the first equation in the set, each is solved in succession
)

for the unknown | on the diagonal by using for all Ts to the left of the

diagonal the approximations to ' thus far obtained in the present (jt'h)
)

iteration (i.e., the T; EL where R represents the equation number)s and

T‘ )

for all the & to the right of the diagonal, the approximate values obtained

. W -1\3.“\
in previous (Q-\\ 3 iteration (i.e., the 1,y ). In Eq. 9, the terms to
the left of the diagonal are represented by the first summation and those to

the right by the second summation.

Discussion

The following are the major assumptions which have been made in developing
the computational model and procedure and have made it possible to reduce the

airloads problem to a set of simultaneous equations:

1. The rotor has been in steady flight long enough for the wake to
become periodic, i.e., the generated wake is the same for each

revolution of the blades.

12



2,

3.

5.

The effects of viscous dissipation on wake vortex strengths can

be neglected,

The blades can be represented by lifting lines.

The trailing and shed vorticity distributions of the wake can be

represented by a mesh of segmented vortex filaments,

The displacement time history of these wake elements is specified.

The framework of the method has been made sufficiently general to pemmit

incorporation of the effects of the following:

1.

2.

6.
Te
8.
9.
10,

Number of blades

Finite span

Planform taper

Twist

Variable 1ift curve slope
a. Mach number

b. Reynolds number

Stall and reversed flow
Blade elastic deformations
Control system deformation
Blade rigid body motions

Mutual interference of rotors

13



Stall effects are introduced into the computations during the solution
of the simultaneous equations by determining the effective angle of attack
and limiting the TL accordingly., For the computations which were made, the
1lift coefficient was assumed to be constant and equal to its value at the
stall angle for angles of attack greater than the stall angle., The limiting
T, (i.e., the stalled value of 1, ) for these calculations were then
computed from Eq. 6 by substituting the airfoil section stalling angle of
attack 21 for the effective angle of attack, QJL* u“th'¥ UHH4J;\ 3 thus,

-

the limiting 1L were computed from the following:

A

TL_: A Bh.\\/h.\ &
It is, however, possible within the present framework of the method to use
more representative 1ift coefficient variations with angle of attack than
the one chosen here. It should be noted that incorporating stall in this
manner assumes that all of the stalled section 1ift is circulatory and there
is, therefore, shed and trailing vortex elements in the wake whose strengths

are determined by these stalled values of Tl .

In reality, when an airfoil section is stalled, the predominant part of
the airload on the section may be noncirculatory and due to the separated flow,
During the stalled condition, the vorticity introduced in the wake may be
relatively small and of a considerably different nature than that of an un-
stalled section. Some indication of the magnitude of the separated flow forces



experienced is evident when tha total measured airloads are examined, If

the local dynamic pressure and measured airload are used to cormute the
corresponding normal force coefficient, it is found to be extremely large

for some points of the rotor disk, These large "measured" normal force
coefficients occur in regions of the rotor disk where the blades are supposedly
stalled, These forces are analogous to the normal force on a flat plate at

very large angles of attack,

Reversed flow effects are accounted for in the computation approximately
in that the sign of the 1ift force and the sense of the bound, shed and trail-
ing vorticity are always consistent with the local tangential velocity,‘/ 9
and the "effective" relative angle-of-attack of the section as it approaches
and passes through the region of reversed flow, However, for the computations
which were performed, the wake remained attached to the bound vortex of the
blade (although its position and orientation corresnonded to the local inflow
velocity) and the bound vortex remained at the quarter-chord while the blade
anproached and passed through the region of reversed flow. In reality, when
a section is operating unstalled in reversed flow, the center of pressure is
approximately at the three-quarter-chord and the bound vortex should be placed
at that station and the induced velocity calculated at the quarter-chord,

Mach number (less than one) and Reynolds number effects can be accounted
for as variations of the 1lift curve slope of the local blade sections., For a
given rotor and operating conditions, the Mach number and Reynolds number distri-
butions over the rotor disk are fixed (known); thus, these effects can be
incorporated into the computations by introducing the proper distribution of

1ift curve slope over the disk.

15



Parameters of the Computations

A computational investigation was made to determine the sensitivity of
the computed airloads to several "parameters" of the method: They are,
the number of revolutions of wake used, the number of radial segments used
to represent the blades, and the distortion of the wake., This computational
investigation was made for the NASA model rotor at an advance ratio of 0,15,

Txperimental agzimuthal load distributions are shown on Figure 3 for this case.

It was found for this rotor and operating condition that truncating

the wake at three revolutions put the wake termination approximately one-
and-one-half rotor diameters away from the rotor disk and accounted for
practically all of the wake~induced velocities; extending the wake to five
revolutions only resulted in a maximuwa change of two percent in the magnitudes
of the lowest harmonics of the computed airloads, This was expected because
the additional wake is relatively far from the rotor and the induced velocities
due to it are relatively uniform over the disk; whereas, the induced velocity
distribution due to the nearer or most recent wake has a considerable variation
over the rotor disk and is the orimary source of the higher harmonic components
of the airloads, It is believed that the amount of wake (expressed in terms

of a corresponding number of rotor revolutions) which is necessary to adequately
predict the induced velocities at the blades will depend on the given rotor and

its flight condition.

For this same rotor and operating condition, the sensitivity of the
computed airloads to the number of radial segments used to represent the blades

was investigated by computing the airloads for both five and nine radial

16



segnents, A comparison of the results of these computations is presented in
Figure li, At this time it is not nossible to draw any specific conclusions
from these results other than to note that a change in the number of radial
segrnents from five to nine for this rotor and operating condition can have

some effect on the airloads,

For both the five and nine radial segment computations, the same first
harmonic flaoning motions were used, However, the constraint of zero -moment
about the flapping hinge due to the first harmonic component of the airload
is not satisfied for either of these cases; this constraint arises from the
flanping equation of motion, For a proper comparison of the airloads computed
with five and nine radial segments, this flapping moment constraint should be
anplied in each case, This could be done by including the flapping equations
of motion in the set of equations and solving simultaneously for the airloads

and the flapping motion,

Sensitivity of the computed airloads to distortion of the wake was also
investigated for this rotor and operating condition by using several relatively
arbitrary distortions., The simplest wake distortion used corresponded to a
radial distribution of the zeroth harmonic component of the inflow
velocity distribution in the nonrotating system, The most elaborate corres-
ponded to the use of harmonics of this velocity distribution through the fourth
with magnitudes up to thirty percent of the zeroth harmonic, Common to each
of these wake distortions was the assumption that the velocity of transport

of each wake element end point was constant with time. The velocity used

17



for each segment end point was taken to be the vector sum of the rotor trans-
lational velocity and the component of inflow velocity normal to the rotor
disk (tip-path-plane) at the noint of the disk where the segment end point
originated (i.e., the end points were assumed to retain their initial velo-
cities). Thus, at any instant of time, the wake element end points defined
a distorted helical surface, The wake of each blade, at any instant of time,
is different and changes with azimuth position to correspond to the instanta-

neous wake configuration for that azimuth position.

It was found that the computed airloads were sensitive to these distor-
tions of the wake for this flight condition of this rotor. It should be noted
here, again, that the distortions of the wake (i.e., displacement time history
of the wake) which can be used in this method of computing rotor airloads
are relatively unrestricted, There remains, however, the question as to what
displacement time history should be used for a particular rotor and operating
condition, Using a uniform inflow distribution, determined from momentum con-
siderations, to define the time history, has resulted in computed airloads
which agree quite well with the measured airloads., This is evidently a good
first approximation for the conditions analyzed; therefore, the addition of
a few of the lower harmonic variations of the inflow distribution (in the
nonrotating system) may be all that is necessary to adequately define the
wake displacement time history, It is possible, by making a few modifications
to the present method, to compute in addition the periodic induced velocity

distribution in the nonrotating system.
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The method as developed for computing the airload distribution has been

programmed (in FORTRAN for the IBH T7CL) such that it is relatively simple to

use, The printed output obtained from the program includes the following

distributions given as functions of the radial and azimuthal position in the

disk .

1.
2e
3
L.
5.
6.

Airload on the blades

Strength of the bound vorticity
Effective angle of attack
Stalled angles of attack
Induced velocity at blade

Induced drag

Items 1, 2, 5 and 6 are also harmonically analyzed and the Fourier sine and

cosine coefficients printed out,
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MEASURED RESULTS USED FOR CORRELATION

Source

The measured airloads and motions which were used to test the adequacy
of the computational model and procedures were selected from three sources:
full-scale flight tests of the HU-1A helicopter by Bell Helicopter Corporation
(Ref. 36), wind tunnel tests of a model rotor by the NASA (Refs. 1 - 3), and
full-scale flight tests of the H-3l helicopter by the NASA (Ref. 37). The
HU-1A has a two-blade teetering rotor and the H-3L a four-blade fully articu-
lated rotor; both have constant-chord twisted blades. The NASA model, which
is a two-blade teetering system, has constant-chord, nontwisted blades. The
disk loadings for these three rotors are approximately as follows: HU-14,

4.0 psf; H-3L, h.9 psf; NASA model, 2.3 psf.

Blade Motion Analysis

The following measured quantities relating to the blade motions were

used in this analysis:

1. Blade root rotation about flapping hinge as function of azimuth.
2. Blade root rotation about pitch axis as function of azimuth.
3. Flapwise bending moments along blade span as function of azimuth,

ke Torsion moments along span as function of azimuth.

Items 1 and 3 were harmonically analyzed.

20



The blade motions, as used in the present approach for computing the
airloads, are classified as either plunging or rotational. The plunging
displacements are defined to be the normal displacements of the quarter-
chord with respect to the tip-path-plane., The rotational displacements

are about the quarter-chord and with respect to the tip-path-plane.

The radial distributions of the plunging displacements at each harmonic
of the rotational speed, sine and cosine, are computed by double integration
of a Fourier series fit to the radial curvature distributions; the curvature
distributions are obtained from the bending stiffness and measured moment
distributions at each harmonic.(obtained from harmonic analysis of measured
moments). The constants of integration are evaluated from the end conditions
which include the measured flapwise root rotation at each harmonic., The slopes
and plunging velocities of the blades, which are used directly in the airloads
computation, are obtained by differentiating the displacement distribution
with respect to the radius and time, respectively. The first harmonic flapping,
sine and cosine, is obtained by performing an orthogonal analysis of the radial
distribution of the first harmonic plunging displacement; the orthogonal functions
used are the first five bending mode shapes of the blade. This procedure for
computing the blade deflections from the measured moment distributions is, in

principle, similar to that reported by Sikorsky (Ref. 38).
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For both the HU-1A and the H-3l, the only measured data available to
determine the pitching rotational motions of the blade sections are the
piteh root rotation and the torsional moments at only two radial stations
(15 and 50 percent of radius). At each azimuth station, two simultaneous
equations are set up and solved for the tip deflection in each of the first
two normalized (for unit tip deflection) cantilever torsional modes by malking
use of their moment distributions and the measured torsional moments at each
of the two radii, The rotational deflections are then computed from these
tip deflections in each torsion mode, the computed torsional mode shapes,

and the nitch root rotations,

In using the above procedures for comnuting the blade motions from the
measured root displacements and the bending andé torsion moment distributions,
the effects of intermodal counling on the moticns have been neglected; the
effects may, however, be imnortant, If the effects of intermodal coupling
were to be included, it would be necessary to increase the accuracy of the

motion data considerably and perform more extensive calibrations.

It should be noted here, again, that this approach of using the measured
motion and strain data to compute the airloads was taken only as an attempt
to separate the airloads problem from the over;all aeroelastic problem and,
thereby, enable the focusing of effort on the formulation of an adequate aero-
dynamic representation, Although some known constraints were not satisfied
because of this aporoach, it was successful in that the objective was attained;
now that the basic aerodyhamié representation has been developed, effort can

be spent on refinements and the complete aeroelastic problem,
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RESULTS

. Measured and computed airloads are presented for the following

configurations and i‘lighf conditionst —- — — _

HASA Model; M = 0,08, 0,15, 0,29
H-Bh; /L{ = 0018, 0029

HU-14; 4 = 0.21, 0.26

Two of these will be emphasized — the NASA model at M = 0.15 and the HU-1A

at A = 0.26., For these two cases, the airloads are compared in two ways:

(1) azimuthal distributions at each radial station, and (2) radial distributions
of the steady and the sine and cosine components of each of the first eleven
harmmonics. The two forms of presentation are used to emphasize the fact that
apparent good agreement with respect to azimuthal distributions does not
necessarily suarantee good agreement with respect to particular harmonics.
Comparisons should always be made with respect to the spanwise distributions

of the harmonics of the airloads because it is believed that this is the form
most suitable for the derivation of the forces transmitted to the fuselage and

the generalized forces for estimating oscillatory blade stresses.

A1l graphs of oscillatory airloads for a given rotor and flight condition
are presented on the same scale to facilitate inspection of relative amplitudes

at the various harmonics and advance ratios., Curves have been passed through
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the experimental and theoretical points to indicate the form of the spanwise
distribution of airload components. Unfortunately, the points are not always

sufficiently dense to define a unique curve,

Mach number and Reynolds number corrections have not been made, although
these could be introduced without modifying the calculation procedure developed,
A constant lift curve slope of 5.73 per radian was used, except in those calcu-
lations in which stall effects were included., Stall effects were included in
the calculations made for the HU-1lA at /ﬁ~ = 0,26 by limiting the circulatory

1ift, as previously described.

A typical induced velocity distribution, obtained from one of the compu-
tations (NASA model, M= 0.15, nine radial segments), is presented in Table 1.
The rows in the table are the radial distributions from the root to the tip of
the induced velocity at each azimith position from W = 0° to Y o= 3600, in
15° increments. These are the induced velocities on the blade as it rotates

and are, therefore, in the rotating coordinate system.

It is interesting to note that the computed induced velocity distributions
are always such as to oppose the retreating blade tip stall which has always
been predicted on the basis of an assumed uniform inflow distribution; this is
more clearly evident from Table 2 in which the distribution of the ratios of
the instantaneous effective angle of attack to an angle of U° is presented.

Also to be noted are the positive induced velocities (up-wash) and their relative

position in the disk. Regarding this point, it should be remembered that these
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are the induced velocities on the blade for its various positions in the
rotor disk; furthermore, the up-wash through the disk which has been observed
and photographed by other investigators is the result of the time-averaged
induced velocities at fixed points of the disk as the blades rotate (i.e.,
the steady component of the periodic induced velocities in the nonrotating

co6drdinate -system)s

NASA Model, #+ = 0,15

The wake time history used for these computations was defined by the
tunnel speed, tip-path-plane inclination, and an assumed uniform value of
induced velocity based on momentum theory. The wake used corresponded to
three revolutions of the rotor. The measured collective pitch angle was used.
For the computation using five radial control points, the first harmonic
flapping was estimated in order to satisfy, approximately, the condition that
the first harmonic airload moment about the teetering pin be zero. Only the
first harmonic flapping motions were included — the blade elastic deformations,

pitching and higher harmonic flapping motions were neglected.

The computed and measured azimuthal airload distributions are presented
in Mig. 3., The computed curves are based on five radial control points and,
to provide a more direct comparison of the oscillatory components, they are
corrected for the difference between the computed and experimental steady

airloads. Good over-all agreement is indicated. A much more stringent
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comparison is made in Fig. L where the radial distributions of the sine and

cosine components at each harmonic of the airloads are presented.

Calculated and measured steady airload distributions are shown on Fig.
lha, The computed curve based on five radial control points (in fact, the
same radial stations at which the airloads were measured) is shown as a
dashed line, and the curve based on nine radial points is shown as a dotted
line; a solid line is drawn through the experimental data in these graphs.
The form of the steady airload distribution is obtained, but the computed

magnitudes are too large.

First harmonic cosine and sine load distributions are shown on Fig. lLib,
Attention is again called to the fact that the first harmonic flapping was
chosen to yield a cosine airload distribution having a nearly zero moment about
the flapping hinge for the computation based on five radial control points.

It is immediately evident that the computed curve based on nine radial control
points and this same assumed flapping does not satisfy the cosine 1ift moment
constraint; however, the experimental curve drawn does not satisfy this con-
straint either. In Ref. 2, the experimental load distribution was evidently
made to satisfy the 1lift moment constraint by requiring sizable negative 1ifts
at P/R.==O.9 in both sine and cosine components., Neither of the computed cosine
components agrees with the measured distribution as drawn. The computed first
harmonic sine components of airload obviously do not satisfy the 1ift moment
constraint, and improvement in agreement would be obtained by imposing this
condition, The computed first harmonic airloads were found to be quite sensitive

to the first harmonic flapping angle.
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Second harmonic components of the airloads are shown on Figure lc,
Theory and experiment agree as to distribution and reasonably well with

respect to magnitude,

Third harmonic components are shown on Figure Ld. Reasonable agreement
was obtained., There is an interesting voint here. Although the first un-
coupled unsymmetric bending mode frequency of the model is nearly three per
rev (Ref, 2), the calculated airload'distribﬁtion; in which the elastic
motions were igﬁored, agrees reasonably well with the measured values. Whether

or not this is the result of compensating errors is not known at this time,

Figures lie through L& are graphs of the computed and measured airloads
of the fourth through the eleventh harmonic. In nearly all cases the measured
and calculated values agree reasonably well., Because only first harmonic blade
motions were included, the computed airloads at harmonics beyond the third
are entirely due to the induced velocity distribution., The experimental air-
loads for harmonics beyond the sixth were obtained by harmonic analysis of
the azimuthal distributions given in Reference 13 no correction was made for
instrumentation response., A previous report related to this rotor (Ref. 3)
indicates that the instrumentation correction is trivial at frequencies
corresponding to the sixth harmonic, but at the eleventh harmonic the measured

amplitudes would be approximately 20% too high.,

In summary, the calculated and measured airload distributions for the

model rotor showed qualitative agreement, A relatively simple wake time
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history was used; blade flexibility was neglected, and only the first harmonic
rigid-body flapping motions were used, Furthermore, known censtraints implicit

in satisfying the flapping equation of motion were not rigorously satisfied,

HU-1A at AL = 0,26

S

The computed and measured airloads for the HU-1A at AL = 0,26 are pre-
sented in Figures 5 and 6, The wake time history used for these computations
was defined by the free stream velocity, tip-path-plane inclination, and an
assumed uniform induced velocity derived from momentum considerations. A
wake corresponding to two rotor revolutions was used. leasured values of
blade root rotation and blade strains were used to determine blade positions,
shapes, and velocities; however, the effects of intermodal coupling were
neglected when determining these motions, The results of two sets of calcu-~
lations are presented in Fig, 6: the first, in which only the steady deflec-
tions and rigid-body first harmonic motions were included; and the second,
in which all the rigid and elastic motions were included. For the case in
which the higher harmonic motions were included, the motion and strain data
traces were inspected and those motions and strains which were represented by
trace deflections of less than 0,02 inches were discarded. Stall effects were
included in the manner discussed previously, Airloads were computed at eight
radial stations, five of which are the stations at which the airloads were

measured,
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The azimuthal variations of the measured and computed airloads at each
radial station are presented in Fig. 5; the computed airloads presented here
are from the computation which included all the rigid and elastic motions.

Reasonable agreement is obtained,

The steady component of the airloads are shown on Fig, 6a, and it can

be seen that the measured and calculated values are in good agreement.

Mrst harmonic airloads are shown on Fig. 6b. Although the distri-
bution of the computed first harmonic sine component agrees quite well with
the measured distribution, the distribution of the computed cosine component
does not, especially over the inboard position of the blade. Including the
elastic motions and the harmonics of flapping above the first had an effect
on the computed airloads, but there are no clear grounds for assessing the

necessity for including elastic deformations.

Figure 6c is a graph of the second harmonic airloads. The computed
cosine component agrees reasonzbly well with the measured cosine component
but the sine component agreement is poor, Again, elastic deformations used

had relatively little effect,

Third harmonic airloads are shown on Fig. 6d. Here, there is a temptation
to argue that inclusion of the elastic motions and higher harmonics of flapping
is significant — especially because there is a natural flapwise bending
frequency in the vicinity of the third harmonic and, therefore, the third
harmonic bending motions are relatively large. However, this argument cannot
be sustained on the basis of the airloads at a single harmonic because the

motions at a given harmonic not only contribute directly to the airloads at
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that harmonic but, also, contrihute directly to the airloads at the harmonic
above and belowr the given harmonic, For examnle, examine the comparison of

the calculated and measured airloads at the fourth harmonic, Fig. be (the

third harmonic blade motions contribute directly to the fourth harmonic),

lere, the neglect of the elastic and higher harmonic {lanning motions apparently

vields better agreement.

The fifth and higher harmonics are shown on Figs. 6f through 6£ . These
are nresented as a rmatter of interest in that thesy are relatively small in
amlitud=s., The significance of the detailed comparison of the calculated and

measured results is obscured by the question of measurement accuracy,

HU-14 a2t AL = 0,21

Measured and calculated harmonic commonents of the airloads on the
W-1A at 44 = 0,21 are shown in Figuare 7. Stall effects were judged to be
small and were neglected, and only first harmonic rigid-body motions were
retained in the computations, The agreement between calculated and rmeasured

results i8 about the same as that observed for the nrevious case (HU~1liA at

L = 0,2).

NASA Models M4 = 0,08 and 0,29

The computed airloads are basec on measured collective pitch, shaft,
and first harmonic flapving angles., A wake corresponding to five rotor
revolutions was retained for the A4 = 0,08 case and two revolutions for the
A = 0,29 case, For each case the wake was nositioned on the assumption of

a uniform inflow velocity derived from momentum considerations.
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A comparison of the theoretical and exmerimental airloads is nresented

in Tgures 8 and 9, 1In both cases the mean losd was overnrecdiched,

It is evident that the theoretical first harmonic airload cistributions

“

C"ﬂ

o not satisfy the requirement that the moment of the airload about the

ou

flanming hinge be zero; but the reasured cosine airload at A4 = 0,29 does
not satisfyw this requirement either, Introcduction of the rigid-body flamming
equation into the airload analysis would force the theoretical distribution
to satisfy the airload moment condition but, then, the caleunlated flavring
angles wonld not agree with the measured values, Resolution of this anparent
incompatibility coulc. be obtained if the root rotation (which is an item that
was measured) contained an appreciable first harnonic bending slops suner-
imnosed on the rigid-bocy flanning., .lowever, the disnlacement data presented

in Ref. 2 indicates this is unlikely.

Relativelr good agreement was obtained for the seccnd harmonic cosine
commonents, but the s+all sine commonents are not well nredicted, It should
be notead here, again, that the first harmonic flapning wvelocity and cyclic

nitch influencs the airloads auite strongly.

There is reasonable agreement between calculated and measured values
for the third harmonic, For this warticular rotor, the third harmonic is

apnreciably larger at A{ = 0,08 than at 0,29.

Agreement between measured and calculated curves is good for the fourth
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and fifth harmonic comnonents, but the sixth at A0 = 0,00 is undermredicted

at the outboard stations,

Comparison of the airloads for the ssventh throuprh eloventh harsonics
is also nresented, It was rointzcd out nreviousl; that those measured com-
ponents were obbtained by a harionic analreis of the azimuthnl dintribution
of the airloads piven granhically in Naf, 1., Dscause nn sorrsciions were nade
for instrumantation resnonse (anc Ref, 3 indicates that the recorded eleventh
harmonic would be apnrovimately 20 too large), the commarison shonld be
viewed as gualitative, In addition, many of the exnerimental noints corres-

pond to trace amlitudes less than 103 of the total oscillatory amnlituces,

and, therafore, the accuracy of these results is uncertain,

Tlight Tests: H=-3lL, .44 = 0,18

Only rigid-bocy first harmonic motions were used in calculating the J=3b
airloads at an advance ratio of 0,18, These calculated airloazds are compared
in Figure 10 with the measured airloads. There is no reasured eleventh har-
monic, so only the comnuted distribution is shown for this harmonic. Again,
stall effects and Mach number effects were neglected. Agreement between the
computed and measured airloads certainly leaves something to be desired, but
it is again noted that the first harmonic airload moment is not zero for the
commuted distribution, The calculated steady load is less than the measured,

which is the inverse of the situation found with the wind tunnel model,
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Flight Tests: H=3l, .{{ =0,29

For the I1-3l; at an acdvance ratio of 0,29, the calculated airloads are

comared with measured airloads in Figur

[

11, Only rigid-body first harmonic
motions were included in the commutations shown. Again, Mach number and

stall effects were neglected,

It vas nointed out nreviously that the experimental data presented here
renresents only a very small nortion of that obtained during the IJiSa tests,

Many conditions other than steady state were investigated during each flight.
This obviously reqrired the judicious setting of data channel gains to insure
that cdata were obtained for flight maneuver conditions, Unfortunately, thece
nractical limitations restricted certain of the blade motion and strain trace
deflections to relatively small values when steady-stat: level flight condi-
tions were flowm,. JSuperimnosed on nossible reading inaccuracies are the errors
of unknown magnitude that result from conversion of the strain and motion data
to deflections and velocities, For these reasons, an: because compensating

errors might be introduced immlicitly through the apnroximations used in the

theory, the calculations were made neglecting the blade elastic motions,
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CONCLULING TTNARKS

It is believed that the results obtained to date in this continuing
study indicate that accurate calculation of the neriodic aerodynamic loads
on rotary wings is feasible. Permissible approximations and assumiions are
not yet clearly defined, The effect of wake distortion may be imnmortant,
but a good approximation for the wake displacement time histories should be
found and used before a conclusion 1s reached. Zven the number of spanwise
stations remiired for corputation nurvoses may be a function of flight

concition due to the ranid loading changes encountered when sections of the

blades stall or Mach number effects become immortant,

Treatment of the combined performance, aerodynamic loads, and blade
response problems is believed to be necessary, However, the possibility of
congidering the blades to be rigid for »nurmoses of calculating the forcing
functions and then deriving the elastic response and, subsequently, super-

imposing corresponding damming loads cannot be rejected,

The above discussion is intended only to indicate that the results
obtained are encouraging even when the predicted and :easured airloads are
compared on a most stringent basis, In some cases a small phase shift would
produce a redistribution of the sine and cosine components to give better
agreement, In addition, the calculated values have borne the burden of any
errors in tlade position measurement, strain measurement, and the blade

physical nroperties. Wind tunnel corrections were not applied to the model
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data and, of course, any departure from steady-state conditions in the experi-

ments were not accounted for in the computations.

Continuing effort on this program should include work on the followings
1) The noncirculatory and separated-flow forces.
2) An improved approximation to the wake displacement time
history (distortions) and the effects of the wake in the
immediate vicinity of the blade,
3) The satisfaction of the chor“wise boundary conditions.
L) The computation of the flapping motions in addition to the

airloads.

The noncirculatory forces which are always present when the flow field
is unsteady and the separated-flow forces which arise when an airfoil section
stalls can be quite appreciable and should be included in any method of
predicting the airloads on a rotating wing. In comnection with the gtall
phenomenon and the reversed flow, there are the attendant problems of wake
position, its point or area of attachment, and its nature (i.e., the amount

and orientation of vorticity contained).

The induced velocities are now computed at the blades and thus are in
the rotating coordinate system. For an improved definition of the wake
displacement time history, it is necessary to have the periodic induced
velocity distribution in the nonrotating coordinate system on or just under
the rotor disk. It is possible, with some modifications to the present

method, to compute such a velocity aistribution.
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The attached wake, because of its nroximity to the blade, can have a
significant effect on the airloads, Thus, a more accurate representation of
this nortion of the wake is desirable, This could be accomplished by replac-
ing the trailing and shed vortex sepgrents renresenting the most recent section
of the attached wake (i.e., the section corresnonding to the last azimuth

step) by a distribution more renresentative of a continuous wake,

The present method is canable of satisfying linear chordwise boundary
conditions, but there is some question as to the immortance of accounting for
a more general chordwise boundary condition when comruting the airloads on

a rotating wing., This may be important and should be investigated further,

In its present form the method dewveloped for cowputing the airload
distribution requires that the blade motion be specified, However, when the
measured motions are used for a given rotor and flight condition, known
constraints are not necessarily satisfied. TFor this reason and the fact
that in practical applications (i.e., preliminary rotor design) the motions
are not known, it will be necessary to commute the blade motions simultaneously
with the airload distributions, It is sugpested that this capability be
incornorated first for the flapping motion only and subsequently for the

remaining motions.
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