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SUMMARY

The experimental investigation, conducted in 1970 under the
auspices of the Army Air Mobility R&D Laboratory and the
National Aeronautics and Space Administration, explored the
mechanisms of retreating blade stall at one spanwise location
on an eight-foot diameter model rotor blade. This test pro-
gram provided blade airloads and motions data for a wide raﬁge
of rotor operating conditions that could be used to evaluate
current theoretical representations of the complex rotor en-
vironment. As part of an additional contract awarded in 1971,
a theoretical study based on this test data has been completed_-
and is described in this report. The hybrid computer uniform
downwash rotor simulation used in this study combines the
storage and logic capabilities of digital equipment with the
versatility of analog simulations to accommodate the complex
elastic blade analysis and unsteady aerodynamics of the hell-"_
copter rotor blades.

The primary difference between the analog simulation and typi-
cal digital formulations is in the number of radial integra-~
tions or updates completed in a rotor revolution, For the
typical digital program, spanwise integrations are completed
every 15° of azimuth, whereas, for the hybrid simulation, .
radial updates occur approximately every degree of a21muth:“

A comparison of experimental rotor performance data wlth

hybrid simulation results at an advance ratio of .35 indicates
~ that the theoretical formulation adequately predicts the rotor

performance below stall but underpredicts the total lifting
capability of the rotor beyond lift stall. For the advance
ratio of .6, the theoretical predicted performance levels
match the test data over the range of available thrusts. At
the lower advance ratios, however, the limitations of uniform
downwash imposed by the present hybrid formulation signifi-
cantly affect the performance prediction capability.

To further evaluate current theoretical representations of the
complex rotor environment, a study of pertinent parameters as '
a functibn of azimuth and span was begun. Out of this study,
three significant points arose.

1. 1In the stalled regime, the hybrid prediction of blade
flapping represents a significant 1mprovement over the
digital formulations examined. :



2. The present representations of the unsteady'aerodYnamicz
lift and moment in the stall regime are inadequate.

3. In spite of deficiencies in the unsteady aerodynamic rep~ .

resentation, the trend of the predicted growth in blade
root torsion agrees well with test results.

The improvement in the predicted flapping correlation over
previous digital formulations is significant in that the
proper location of the rotor in space is a prerequisite for

adequate prediction of rotor airloads data. The improved pre-fe-?

diction capability of the hybrid simulation is attributed to
the increased number of radial updates inherent in the analog
system that could significantly affect the converged solutlon
to the equations of motion. A study has been suggested to:
determine the effect of update time on digital analyses.

The deficiencies in the prediction of dynamic 1ift and moment
levels possibly results from the manner in which two-dimen-
sional oscillating airfoil data is used in the formulation of
the dynamic stall delay. Most oscillating airfoil tests
achieve representative high rates of change of o« by high fre--
quency, low amplitude sinusoidal pitching motions about moder-
ate values of & , Data presented in this report suggests
that more representative large amplitude pitch oscillations
would greatly affect the value of the dynamic moment coeffi-
cient and improve the prediction of blade element loads 1n the '
stall region.. : :

To evaluate the influence of scale effects in the model rotor-
‘test results, two separate decks of two-dimensional airfoil
data representing model scale and full scale Reynolds number -
environments were input into the hybrid simulation. The hy- -
brid simulation, using full scale airfoil data, accurately
predicted model blade loads. Using the model scale Reynolds
number airfoil data, the hybrid formulation does not properly
predict model blade loads. This suggests that the effective
Reynolds number of the model rotor, as it affects the blade
1lift, is more nearly that of a full scale rotor. -

A preliminary study aimed at developing dynamic design cri-
teria for airfoils indicates that modifying airfoil stall
delay characteristics for negative values of & can produce
overall improvements in rotor performance and airloads. Since
differences in the stall characteristics for negative e¢ -and



the related damping characteristics can be changed by proper
choice of airfoil, the relative benefits of the high static -
1lift capability of leading edge stall airfoils can be traded
off against the benefits of the low negative damping. of trail-
ing edge stall airfoils. Airfoil studies should continue with

the aim of tailoring airfoils to produce improved stall re-

covery behavior wit hout seriously-limiting-dynamic Lift'capaé_;;:' '

bility.
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INTRODUCTION

Helicopter forward speed and rotor design requirements have
been dictated by limitations imposed by the effects of rotor
blade stall, Thus, a better understanding of the stall phe-
nomenon and a prediction capability representative of the com- -
plex rotor environment is imperative to the design of next
generation helicopters. For many years, computer simulations
of the helicopter rotor have not accurately predicted rotor
performance or airloads above stall since they lacked proper .
dynamic stall characteristics and a proper representation of -
the three-dimensional environment of the rotor. '

In 1969, Harris, et al, empirically combined the airload char-
acteristics associated with yawed flow and of a two-dimensicnal
airfoil oscillating in pitch, and generated an advanced rotor. .
analysis method. These effects, when integrated over the rotor
disc improved the rotor performance prediction capability, but
no assessment of the capability of predicting local blade ele-
ment airloads could be made without suitable test data for '
comparison. To provide such data, The Boeing Company, undex
contract to NASA, investigated the effects of stall on a rotor
blade element in a three-dimensional rotating environment,

The resulting model rotor test program provided blade element
airloads and local boundary layer flow characteristics at the
three-gquarter blade radius position for a wide range of rotor
operating conditions. A description of this test program and

a summary of test results is given in Reference 1l.. The empha-
sis of this referenced report was primarily on test results

and provided only a limited study of theory/test correlation,
Therefore, an additional contract was awarded in 1971 to pro-
vide for final reduction and presentation of test data, and

for a more detailed theoretical study. An informal data

report containing final test data has been completed and may

be obtained from the program technical monitor, W.J. McCroskey. -
The theoretical study, completed on the Vertol Hybrid Computer
System, and the theory test comparlson are the subjects of
this report. : : -



HYBRID STUDY

In the first quarter of 1972, a theoretical study was under-
taken to investigate the blade loads and motions associated. -
with a three-bladed articulated rotor operating in the blade
stall regime. Data points were chosen to match test. condl-
tions recorded in the 1970 eight foot pressure blade w1nd ‘
tunnel test program BVWT 054. :

The hybrid simulation used in this theoretical study is.a com- -
bination of analog and digital capabilities in that the airfoil
characteristics and blade structural mode shapes are supplied
to the analog equipment by a special purpose digital computer
acting as a function generator. 1In addition, the logic and
switching circuits required for the multiple integrations of
this problem are provided by digital components. A description
of the hybrid simulation is given in Figure 1. ' - S

The formulatlon of the analog analysis is one of the uniform

- downwash with three blade flapping modes and two blade torsion
modes. The representatlons<3funsteady aerodynamlcs and sweep
effects are essentially the same as used in Vertol: digital
programs and as developed in Reference 2. The aerodynamic _
loads, and flapping and torsional motions resulting from these
loads, are computed as they act radially along the blade.

These blade loads are transferred to the approPrlate coordlnate'}

system and doubly integrated to produce total rotor. forces. ‘A
detailed description of the analog formulation. and 1ts capa-
bilities is glven in Reference 3, -

" In the analog representation, the theoretical equations are
transformed so that time is used to represent the azimuthal
rotation of the blade as well as the radial sweep, The azi-
muthal intégration, however, proceeds much more slowly than the
radial integration., One radial integration is completed within
one degree of azimuth rotation. The airloads and motions com--
puted during this radial sweep are held and used in the azi-
muthal integrations until the following radial sweep. The
major difference, therefore, between this hybrid simulation and .
standard digital programs is in the number of radial updates.
per rotor revolution, For typical digital programs, .the span-
wise integrations are completed every 15° of azimuth, and;for
the hybrid simulation, radial updates occur approximately
every degree of azimuth. The significance of the increased
number of updates is evident when considering the formulation
with higher harmonics. Since many cycles are completed for

10
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FIGURE 1
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each rotor revolution, increments smaller than the standard
digital 15° increment are required to provide adequate repre-
sentation of these higher harmonics. Such.an increase in the
number of rad:Lal updates for the digital computer would greatly.
affect the computation time and thereby the cost.

12



THEORY/TEST COMPARISON

Before a detailed study of the blade element airlcads was be-
gun, an assessment of the hybrid simulation capability of pre- .
dicting overall rotor performance was made. The Qata. points
for this study were chosen to match test conditions recorded .
during the 1270 eight foot pressure blade wind tunnel test,
BVWT 054. These data points included both stalled and un- -
stalled conditions at advance ratios of .15, .35 and .6. In- .
put parameters for the hybrid study were based on model rotor.
structural properties and test program control positions. At _
a given advance ratio, collective pitch waslset to match a given
test thrust and then shaft angle was varied to produce a thrust —
sweep. A comparison of theory and test thrust sweeps is given
in Figure 2 for an advance ratio of .35. The theory indicates
good agreement with test up to lift stall, but underpredicts -
total rotor lift beyond lift stall, This difference in rotor
lift level above lift stall is evident in the curves of normal
force coefficient versus azimuth which are discussed below, .
The additional data shown in Figure 2 represents results from

a similar rotor tested under the same conditions in the
University of Maryland Wind Tunnel except for the difference in
collective pitch., The similarity in the trends of this test -
data and the theory leads to more confidence in the capability
of predicting rotor performance. The comparison of theoreti-
cal and test propulsive force data in Figure 3 indicates fairly
good agreement considering the magnitude of the hub tare cor-
rection applied to the test data and the trend similar to  the
UMWT 516 test data. Curves of BVWT 054 test data are shown
with and w1thout hub tares to empha51ze the size of +the hub-

tare correction. :

Similar theory/test comparisons of rotor lift versus shaft
angle at advance ratios of .6 and .l5 are shown in Figure 4. -
At M = 6, the theory/test correlation is very good for the two .
different collective curves. For the lower advance ratio, a -
significant difference in the rotor lift curve slopes of the
theory and test data is noted. This difference may be related .
to the significant nonuniformity in induced veloc1ty along the
longitudinal axis of the rotor as described by Harrls in
Reference 4,

In this reference, the existence of the wake nonuniformity is '
indicated by large values of lateral flapping produced at low
advance ratios. The effect of this nonuniform downwash on ﬂ
rotor performance is minimized at large negative control axis

13
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angles (small wake skew angles). However, as the control axis.
angles are increased (increasing wake skew angles), the non-
uniform downwash tends to reduce the lift on the aft portion of
the rotor disc and produce an overall reduction in the total .
rotor lift curve slope. The comparison of the uniform down-
wash theoretical solution with the nonuniform downwash test
data shown in Figure 4 clearly illustrates such a change in
overall rotor 1lift curve slope, - :

'Encouraged by the reasonable agreement between the hybrld
simulation and test OVerall rotor performance, at advance : :
ratios of .35 and .6, a study of predicted blade root flapping
was made to further evaluate the applicability of the hybrid.
simulation. In typical digital formulations of the rotor en- -
vironment, the inability to predict blade flapping has been a
serious shortcoming. Without proper representation of flap-
ping, a theoretical formulation does not properly locate the
rotor in space and, therefore, cannot provide the .required ,
velocity or angle of attack environment. Any attempted study s
of the resultmng blade loads could prove to be misleading.

Figure 5 provides a comparison of the hybrid root flapping'pre~
diction with the results of two current digital formulations
(Vertol Programs B-67 and C-60) at an advance ratio of ,35,

The B-67 digital program is a rotor airload and per formance
analysis representing the blade by a series of blade segments
producing a multi-filament near field, mid field, and far field
vortex pattern and nonuniform induced inflow, The modal analy-~
sis utilizes two flapping modes and one elastic torsion mode,”
without flap~pitch coupling. Further description of this pro-
gram is provided in Reference S5, The Vertol C-60 digital pro-
gram employs a lumped mass model of the rotor providing results
up to ten harmonics. The flap and pitch motions of the blade
are coupled and the hub and lower controls are included in the .
analysis, The present wake representation includes only tip
and root vortices. The C-60 data presented in this report was
based on a uniform downwash program option described in Refer-
ence 6. The unsteady aerodynamics formulations of the Hybrig,
B-67, and C-60 simulation are essentially the same.  The com-
parison presented in Figure 5 clearly points out the short-
comings of present digital formulation in positioning the rotor
in space. The hybrid results, although still short of complete
agreement, provide the best correlation to date with test
flapping data. :

17
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Similar improvements in flapping correlation were noted for all -
thrust levels at the advance ratios of .35 and .6. For the
lower advance ratio, 4 = .15, however, the hybrid solution
produces no significant improvement. The differences in the
predicted and test recorded thrust levels discussed above,re-.
lating to the limitations of uniform downwash, significantly:
affect the prediction capability at this advance ratio, It . .
should be pointed out here that no systematic investigation was
undertaken at the time of this study to improve the hybrid
flapping correlation further; however, such a study could prove -
to be beneficial, -

Since the aerodynamic formulations of the B-67, C~60 and hybrid
simulations are very similar, the differences in flapping re- -
sults could be attributed to the manner in which the dynamic
characteristics are considered. The present digital formula-
tions are limited in the number of radial calculations per
rotor revolution to fifteen because of the run time and cost
imposed by smaller increments. The increased number of radial

updates inherent in the hybrid simulation (360 per revolution) -

could significantly affect the converged solution to the equa-
tions of motion and the proper representation of hlgher elastic
modes, It is suggested that a study be conducted on the ef-
fects of updating time on blade loads and motions and particu-. -
larly on root flapping. This could be accomplished by changing .
the number of radial computations performed by the B-67 d1g1tal -
analysis in a given rotor revolution,

A comparison of predicted blade element airloads and motions.
with test results obtained from the pressure blade program o
provides an informative overview of the theoretical capability -

of this hybrid program. The curves of Figures 6 through 9 pro-

vide theory/test comparison of blade element normal force co-. D

efficient, moment coefficient and blade pitch at the three-
guarter radius station., The predicted levels of normal force
and moment coefficient are significantly underpredicted on the
retreating portion of the rotor disc. There are indications
that similar shortcomings exist in other theoretical analyses,
Reference 7. The theoretical formulation of the unsteady.
aerodynamic nature of the flow relies on a representation of
the dynamic lift and moment kased on oscillating airfoil test
data, McCroskey points out in Reference 8 that the present
computations of lift and moment overshoot are based on oscilla-
ting airfoil data which are not representative of the azimuthal
variation of &« exhibited by the rotor. Most oscillating air---
foil studies have been conducted using high frequency, low '
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amplitude sinusoidal motions about small mean values of o ..
The angle of attack variation with azimuth for a rotor more
nearly resembles a large amplitude sine wave at the fundamen-

tal rotor frequency. An investigation of available oscillating

airfoil data including oscillations up to + 10° indicates that
the value of dynamic moment is influenced by the amplltude of
oscillation, ‘Figure 10 presents oscillating airfoil data from -
Reference 9 at mean angles of 10° and 15°, illustrating a

definite increase in minimum moment coefficient with increases -

in the amplitude of oscillation, Further study into the ef-

- fects of the oscillating airfoil pitch amplitude on the theo-
retical unsteady aerodynamic ¥ function representation and the
resulting effects on dynamic 1lift and moment should be made to
improve ex1st1ng theoretical models, - g

It is generally recognized that the moment stall indicated in
Figure 7 has a significant effect on rotor control loads and
in particular on the blade torsion loads., The influence of
the large negative pitching moments in stall can be. seen in
Figure 9 since the elastic twist is linearly proportional to
the blade torsion at the root of the .blade. The large pitch-~
ing moment generated at 240° is reflected as a nose down
pitching motion of approxlmately 10°. with the following re-
duction in -Cm, the blade begins a rapid pitch up motion
followed by several oscillatory cycles commonly termed stall
flutter. Since the hybrid simulation fails to predict the
‘large pitching moments associated with stall, the resulting
blade pitching of Figure 9 does not provide a representatlve
picture of ‘the stall flutter motion. : :

The curves of Figure 1l illustrate the growth of blade root
torsion with rotor lift coefficient. The hybrid results,
compared to the measured test torsion results, were obtained.
from the theoretical elastic twist values assuming that the
majority of the elastic twist comes from the first torsional
mode. The trend of the hybrid results, based on full scale
Reynolds number two-dimensional airfoil data, compares well
with the test data except at the high thrust lewvels whexe
large portions of the rotor are stalled. The incremental
differences between the two curves, below stall, could be
attributed to improper representation of the two-dimensional
pitching moment level. A closer look at the torsional wave-
forms for the thrust conditions above stall indicates that the
hybrid solution does not predict the large oscillation in tor-
sion beginning in the third guadrant. As mentioned above,
these differences arise from an improper theoretical represen-
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tation of the dynamic moments in the stall region. An inter-
esting comparison is noted in Figure 11 between the curves of -
test data and hybrid results based on model scale Reynolds
number airfoil data. The growth in blade root torsion ex-
hibits a character altogether different from the test re-
sults. This comparison indicates, as was pointed out in _
- Reference 1, that even though the Reynolds number on the model
blades is an order-of-magnitude lower than the full-scale rotox
blades, the resulting blade loads exhibit characterlstlcs '
similar to full scale high Reynolds number data.

Due to the complexity of blade pressure 1nstrumentation and
limitations of data acquisition systems, rotor test programs
have not recorded blade element airloads over a complete range
of spanwise stations. Data from the BVWT (054 test is avail-
able only at the three-quarter radius station, Using the
varied output capability of the analog system, blade element
airloads were recorded as a function of blade azimuth and span -
for each of the three advance ratios of .15, .35 and .6, .
Curves of normal force coefficient and moment coefficient span-
wise distributions are given in Figures 12 through 18. Data
within the reverse flow region has not been included in these
figures. Using this data and the results from Varion traces,
which provide similar data at each azimuth location, a summary
of the lift stall and moment stall distributions around the
rotor disc was made, Examples of these stall areas are illus-
trated in Figures 19, 20 and 21, The azimuth positions for
blade element lift and moment stall, as obtained from test

data at the three-guarter radius, are indicated in each figure.,
The hybrid representation of the rotor tends to stall later and
unstall earlier than the test results,

In the unsteady aerodynamic theory, the experlmentally dexrived
equation for dynamic stall delay is given as:

Dynamic stall delay = )3 " %—-—5-—-

This equation is used in such a manner that as long as the
time rate of change of angle of attack, &« , remains positive
and of sufficient magnitude, stall will not occur. Thus, an
airfoil experiencing stall delay must stall on or before the
condition of & = 0, This condition of o = (Q has been noted
at the three-quarter radius location on the stall regions of :
Figures 19, 20 and 21, 1In each case, the lift stall and moment -
stall occur prior to the condition of o = 0. The magnitude

27
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of the time rate of change of X, therefore, is the prime
consideration determining the azimuth location of the dynamic
stall., As moment stall occurs on a portion of the blade, it
‘develops an elastic pitching moment acting to oppose the in-’
creasing angle of attack. The rate of change of o¢ is, there-
fore, reduced up to the point of lift stall and then to & =0,
As « becomes negative, the airfoil experiences loads below
statically predicted values. The manner in which the airfoil
recovers from dynamic stall determines the damplng character-
istics of the airfoil.

_A measure of the damping characteristics of an oscillating
airfoil is obtained by investigation of curves of moment co-
efficient versus angle of attack. Reference 10 states that
the net work done by an airfoil on the surrounding air is pro-
portional to the area under such a curve, and is positive for
a counterclockwise circuit and negative for a clockwise cir-
cuit. Thus, if the circuit encloses an area in a clockwise
sense, it represents energy extracted from the airstream by
the airfoil. .Net enexrgy extraction in a cycle (negatlve
damping) lmplles that the rotor blade oscillation-in Whlch it
occurred would tend to increase in amplitude.

In order to visualize the effects of damping on rotor blade
element airloads, a brief study was made using the hybrid
simulation. ' In this study, the dynamic stall delay after

& =0, or the stall recovery, was varied by changing the ¥
function in the dynamic stall delay expression. Such changes ,
were made only for the portion of the cycle experlenc1ng

negative ¢,

The pitching'moment curves of Figures 22 and 23 represent
rotor cycles with 25%, 50%, 75% and full dynamic stall hys-
teresis, The reduction in negative damping with decreasing
stall hysteresis is evidenced by the reduction in area under
the clockwise segment of the curve. The effects of improved -
damping characteristics are obvious in the curves of Figures
24 and 25, As the damping characteristics improve, negative
pitching moment levels after stall decrease in magnitude, re-
sulting in reduced elastic twist and, thereby, reduced blade
root torsion, The blade element normal force level after
stall increases and the overall flapping excursions are re-
duced. These effects seem to produce overall improvements in
rotor performance and reductions in structural loads, - Since

. the damping characteristics of a rotor operating in-an un-
steady environment are a function of the chéice of airfoil,
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the guestion may be asked whether the characteristics of 1lift
and moment stall recovery can be controlled by proper selecs
tion of airfoil without seriously affecting the favorable
dynamic lift characteristics. Experimental evidence presented
in Reference 12 indicates that favorable dynamic lift and pitch-
ing moment and recovery behavior can be obtained by choosing
airfoils which do not display leading edge stall characteristics.
Since trailing edge stall airfoils do not have the high Clp,x
characteristics typical of leading edge stall airfoils, a trade-
off must exist between improved dynamic stall recovery charac-
teristics and reduced two-dimensional 1lift capability.

To evaluate the contributions of the unsteady aerodynamics rep-
resentation and the three-dimensional sweep effects within the:
present hybrid formulation, modifications to the present simu-
lation were made to isolate each of these factors. Figures 26
through 29 present a summary of the results of these modifica-
tions for the advance ratios of .35 and .6. The quasi-static
results were obtained by removing the sweep effects and unsteady
aerodynamic effects from the formulation. Sweep effects were
eliminated by removing the cosine of the sweep angle. Unsteady
aerodynamic effects were eliminated by removing the ¥ function
representation of the lift and moment overshoot, and setting. the
Theororsen terms F = 1,0, G = 0, eliminating the shed wake. A
description .of these te:ms is given in Reference 11. .

43



SHEET 4 4

___ FH L M. 0 ...... @ : =0 ey B g ||.
~ = U_.._ — = T ~ T O i @ Q 1 © T o
. . | T re I Nl . 5 e * . ¥ * tn
m n LI | — .—-—-._.»I_—_ ______ IS ESEApEEEEEEEanE e N] N bl .H—HFPL “.-ln»LLIF_ + L H 0
g e R Eﬁuammmuo amamma ¥OION Tt _
HEE ST o !
_ N _ m ; 2258 | T
XN i HO ¢ 4] i e
£ 8 8 R S & e i S .
E T - | b= e e O TNIN T P.w - o = - 0
g < e aLn < R o= [Wpeess e sims et A i
HH =L e aat & a: m..Wu._V. : T =
mmuw_c _I.. Y . ._| - T : m ___m ; : __ 1 ] nn.m
i e = SR SRS AN e
T —HO il m B o !
nan ¢ Ll —Ha, R B === T = -
=1 HE = s 53: Miomy yees 5 o iy ceemd s oo e
2= 1n HE = "m E S B R r = 538
HHE.O Ny T 0 = “”_ I T i "||T , -lnl-“nn
— N - - o . : [l + J = LL]
lll.u.nTg — f. “_ m - < = ln : —mm.
= L2 0 H == = = _ _ i o
st R | -I—MI—. - s ) = il - - - —1= m ._. m”
WF& o ﬂ I ok - w._l!.”.mm . = T ._ -
i - o O =1 n z + - HH
- . o= e ! ! ] 2
mmmn m v i 1l : Hs 5 : ] -
3 T =
wwnl_m T O-d : ] = =5 asas ;
e & O W & J Y e :
(] e o o I R v ! —+— 7SS faaay hian Aaiay b e Faawa:
Emw W oL@ Y TS o oy
! m_mc R “n-mw- . _ y T _.. ._H_.L‘ _ 1 n..m-
ma L3 i 1 !
” o s N : = N ApE _
I : na OOt n... . _m — = ._, .H_ I bl .”
E. : SE&233s _ = 2T T =
NE P e =SS awms
T ¥ T » LI T T B T T Jun sl . pry =n n < T
_ HEES S adesi s - . i E
BJ S EnE 2 St Laee ke . i e
___“ " :_ “_N. NSRS ESRT RS NN N REREE Wik x mewmon ."“.___ i " a1 <1.l —rm—; s + ..T ..l_m -
) 3 _,h L _w_“ _m. ,i“w.nﬂl.... = = : I 1 . _l. , =
‘Hl.. — : ¥ - ¥ 1 ot : :

TOE N 3dv HIONI d¥3d OZ X DZ
\_ v ‘00 N3ISD2ZL1310 INIDN3 v HAdVd MdvdD N3IOZLAIO OZT-HOPE "ON w



#
e
B
...f

wnamam Hmabc.

LI | t CE

[P S H
ol
1

_mnzo mmmzm

...l. T

e

o6° P

= DTT0AD
oPT*

LY & 2
sdd 00§ =

3

orbuy age
€ET”

oG'ET = SL

= 0/,

ys
1O

i

*buo

= OTIDAD °jen

€ = sope

£

hq mpuumum 4<zo_m=uz~n mmz=h_mzq
wu_z<z>aomu< AQVILSNA_ 40 monhzm_szou

=
Hitvas

ey S U SV L.ullll

<

17 B

DL S A TR R

14

snTpey
dILp

RN BASEDRON

& e e e i

. L]
N M WY O

L]

U SURVUPY VU SOk SN V-

!
v
]

.45



PN B A AL A T A L I T A A B A B

o m 00 €~ = oThuUY 3Jeys g 111ﬁ| i 17
i o 0~ TR S 1 O g e
i oS°ET = SL°6 9 Tl ]
06°% = OTT2AD °buot ' °g ot T
] obT® = OTTRAD 30T ¥ [ l{an._ Clitihl
L | € = sopeid °‘f | I
y *3d ¥ = snrped  °¢ _

sdd 00§ = dIdA °T

L

S LU
by

i

-

SET 46

-4 1.,|_.T.-_1._._|

]
[
1
1
1

il

; 1

T A - i R . -
- - B P |_,
: i
_

¥ $193443 WNOISNIWIC IIHL ¢ e,a
| saimAcovay_Avaiswn 40 m_,_o::eﬁzs

T EATT T YT YT .
SSRGS 0L SR IS DR A 6 N
. Pl S i
e oA H T R v 3L e T : v \




a.

EUGENE DIETZIGEN CO.
MADE M oL b

AUl DIETZGEN GRARH HMAPER

[ IWH

COMPANY

NUMBER
REY IR

SEEEER) FRAS0ANSES EERESNNTRI EVERSDRRES 00

SRS RPN T

= s e

| CONTRIBUTIONS OF UNSTEADY AERODVNANICS |-

”AND THREE DIMENSIONAL EFFECTS AT?

VTIpP 400 FPS

© 2. Radius = 4 Ft.

— . 3. No. of Blades = 3.

. 4. Lat. Cyclic = .14°
5. Long. Cyclic - 8.72°

FER TNCH

Wi oA 20




CONCLUSIONS

Because of its inherent computational speed and "englneer
in the loop" on line versatility, the hybrid simulation 1s
a valuable tool for studying the complex rotor environment,
This tool can lead to a more improved representation of

- rotor unsteady aerodynamics and to the development of dy-

namic degign criteria for airfoils and blade elastlc char-=7
acteristics. :

The improvement in prediction of blade flapping in'ﬁhe"

stall regime over typical digital formulations may be:
attributed to the increased number of radial computatlons

.inherent in the hybrid simulation. A study is suggested to

investigate the influence of radlal update capability on.
prediction capability.

The existing formulations of unstéady aerodynamics;effects
are based on oscillating airfoil data not representative of

- angle of attack oscillations experienced by the rotor.

Studies into the effects of oscillating airfeoil pitch am-
plitude on the theoretical unsteady aerodynamic ¥ function
representation and the resulting effects on dynamic 1ift
and moment should be made to 1mpr0ve exigting: theoretlcal
methods.

Investigation of model rotor bhlade root torsion results
indicates that due to the unsteady aerodynamic environment
of the blade, the rotor produces airloads representative of
a full scale Reynolds number environment. : :

Additional hybrid capability to represent nonuniform down-

wash islrequired to predict rotor performance and blade
airloads at the lower advance ratios (A& = _15).

48



11.

REFERENCES

Fisher, R, K., Jx., Bobo, C, J., AN EXPERIMENTAL INVESTI- -

"GATION OF THE HELICOPTER ROTOR BLADE ELEMENT AIRLOADS. ON

A MODEL ROTOR IN THE BLADE STALL REGIME, NASA CR- 114424, .

September 1971.

Harris, F. D.,, Tarzanin, F. J., Jr,, ROTOR HIGH SPEED
PERFORMANCE, THEORY VS TEST., JOURNAL OF AMERICAN HELICOP-
TER SOCIETY, July 1970. ' Lo

Boho, C. J., HYBRIDIFORMULATION OF ROTOR AIRLOADS AND
PERFORMANCE ANALYSIS, Boeing Vertol Document’ D210 10511 1,

August 1972,

Harris, F. D., ARTICULATED ROTOR BLADE FLAPPING MOTION AT
LOW ADVANCE RATIO, JOURNAL OF AMERICAN HE:LICOPTER SOCIETY,
January 1972.

Sewell, R., ROTOR AIRLOADS AND PERFORMANCE ANALYSIS WITH
NONUNIFORM INDUCED INFLOW (Computer Program B- 67)Boe1ng
Vertol Document D8-0312 December 1967,

Tarzanin, F., Ranieri, J., AEROELASTIC ROTORIANALYSIS
C-60, Boeing Vertol Document D210-10378 unreleased.

GormOnt R. E., UNSTEADY AERODYNAMICS EFFECTS' USAAMRDI, -
Technical Report, Contract DAAJ02-71-C-0045, July - 1972,
unreleased. : :

McCroskey, W. J., DYNAMIC STALL OF AIRFOILS AND HELICOPTER
ROTORS, Advisory Group for Aerospace Research and DeveloP—'
ment Papexr, April 1972. .

Gray, L., Liiva, J., Davenport, F. J., WIND TUNNEL TESTS
OF THIN AIRFOILS OSCILLATING NEAR STALL, USAAVLABS
TR 68-89A, Volume II.

Liiva, J., Davenport, F. J., Gray, L., Walton, I. -C.,
TWO-DIMENSIONAL TESTS OF AIRFOILS OSCILLATING NEAR STALL,
USAAVLABS TR 68-13Aa,

Blspllnghoff R, L., Ashley, H., AEROELASTICITY, Addlson—
Wesley Publlshlng Company, Inc., Cambridge, Mass

49



12, Olsen John H., FLOW VISUALIZATION EXPERIMENTS ON PITCHING .
AIRFOILS, Boeing-Vertol Document D210-10450-1, December .
1971. : s

50





