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|COMPARTSON OF FLIGHT MBASURED HELICOPTER
ROTOR BLADE CHORDWISE PRESSURE DISTRIBUTIONS
‘AND TWO-DIMENSIONAL AIRFOiL CHARACTERISTICS
By Jemes Scheimsn and Henry L. Kelley
NASA Langley Research Center
SUMMARY 57 8‘36
A comparisoh is made between airfoil chordwise pressure distribug
tions from_helicapter rotor flight tests and static two-dimensional
wind~tunnel tests. Differénces in actﬁal and fwo—dimensionalnairfoil
fressuré distributions are shown to exist. These differences in éir-
foil characteristics are expected to amplify the blade flapwise and
forsional vibratory forces determined from two-dimensional-airfoll
data. Poséible reagons for these airfoil.differences are briefly dis-

cussed., The point is made that in endeavoring to confirm current

refined theories of calculating section angle of attack, it is essential,

in meking data comparisons, that care be used to prevent these differences

between actual and static two-dimensional-section Aata from obscuring

the effectiveness of the angle~of-attack calculations.
INTHODUCTION

Experience has shown that the sbility to perform an adequate

gtructural dynemic analysig of the rotor blade is msrginal. This lack

- of ebility has generally been viewed as attributable to unknown air

loads and in particular to unknown inflow velocities rather thén to
the applicability of two~dimensional-airfoil characteristics. This
view has tended to be confirmed, for exsmple, by the regulis of rotor

test inflow veloelty measurements end by the adequacy of preiicting
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helicopter performance by use of two-dimensionsal airfoil data. In any
case, both inflow velocities and actual airfoil characteristiaé mugt
be known in order to ﬁerform 8 reasohably accuratbe dynamic blade |
anhalysis. | |

In regard to the inflow vélocities, it is believed that the
capebility of theory to predict these velocities fof trim.le?%l’fiight
has significantly improved recently. With thesé new theories the
danger exists for blaming thes reﬁaining inadequacy}of thebinflow theory
for any lack of correlation between test and ﬁheory, when the differences
may actually be caused by airfril characteristic discrepancies.

The wvalidity of two-~dlmensional deta has been given little detailed
atténtion because of a lack of actusl operating test data. Partly tov
help fill +this gap, the NASA Langley Research Center has recently
completed a helicopter flight-test program which has utilized extensive
blade pressure instrumentation. These data provide a comparigon of
the actual and two-dimengional-eirfoil chordwlse pressure digtributions
to the extent needed ‘to illustrate that important airfoil characteristic
discrepancles do occur in the flight conditions sampled.-

Portions of the flight meagsured chordwise pressure distribublons
for two flight conditlons are discussed. Samples of these diﬁﬁTibu-
tions are directly compared with two-dimensional full-scale data (see
ref. 1) by equating the two normal force coefficlents., The chordwise
pressure distribution for other flight conditiong and the movement of

the blade center of pressure are discugged.

N



-3 ',.
- Al; referenée to twn-dimensiohal-aiffoil ¢haracteristics in this
ipéper refefs.to static tWOgdimensional characteristics in distinction

, tO'Qéc;ll&tingeunsteady two-dimensionel characteristics.

SIMBOLS.
c ‘airfoil chord
Cy | normalwforce'coefficient
' A@" ' differentiallpreséure'measured on the,airfaiz
q | ~Gynamic pressﬁre" |
r fadiai‘distance to blade élemenﬁ_ﬁeasﬁred from center of
. rotation |
| R t blade radius measured.from éenter’of rotation
Vp - forward speed |
X | - chordwise distanée measured from.bléde.leading edge
X - center of prGSSure'oflairfoil section measured from leading
edgé | o
i | nondimensional tip-speed rétic, };ggyz
R “ blade nominal azimuth angle, nmeasgured from dovnwind position

in the dlrection of rotation and disregarding blede lag
motion

£ " rotor angular vélocity
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DISCUSSION

Normal-Force Coefficient for Flight
With Blade Section Stall |

A plot of the local normal-force coefficients Cyy elong the blade |
radius for different azimuxh posmtions is shown in figure 1. The_‘
" flight condition 1ls for a %rim, level-flighteCruise forward speed and.
e reduced rotorirotationel‘speedvand'is,thus for,a flight cccdition
expected to produce local blade-section etalling.' Further detalls qf‘
fhis flight condition‘are availsble ir ﬁeble_IV.of reference 2.

‘NOticevthe high vaiues‘of normal~force coefficient in fhe area of
r/R = 0.55, ¥ = 210° to ¥ = 240° and fér‘ r/R = 0.75, ¥ = 250°,
These coefficients correspond to_@ynamic pressures'of appreximately
50 pounds per square'foot at r/R = 0,55 and 100 pounds per squafe
~ foot at r/R = 0.75. The normel-force coefficienf values,‘in fhese
areas of the fotOr, corregpond to velues above the maximum etetic,
twoudimensional values of Cye Just prior to these high normel-
force coefficients a rapid rate of change in the normal force |
coefficient 1g noted. This change in Cy can be directly related
to a twe-diﬁensionel-airfoil angle-of-attack change and the corresponding
high fates of‘angle-of-attack change can be explained, for example; by

the rapid changes in local inflow velocltles through the rotor. In

this instance an estimate based on successive normal-force coefflcients,

in the previously mentioned high angle~of~attack area of the rotor,"
indicetes 8 rate of roughly 100° per second or 1° per eml/a.blade—

chord lengths. This rapld angle~gf~attack increase will

L T
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pfoyide,e,partial ex@lanatien'forvthe lac£ 5f ehordmise—ﬁressure-
~'die£ribu£ion eérrelatien exploredefﬁrther in this‘@apei, '
The’ciicles’oﬁ this figﬁre ere~points’where-ehordwise preséﬁre
\distributlons are discussed in flgures 2 to 4 the solid Circle? aref

points where twomdlmen31onal and fllght data ‘are compared.
‘Chordise Pressure‘nistributions for Flighﬁ
With Blade Section Stsll |

Figures 2 to 4 are for the same flight condition as-figure_l,

= o ' whlch WaS selected wi th the eypectation of producing local blade-

section stalling.‘ A.plot‘of the chordm1se pressure coefficient distri-

i

‘bution for r/R 0.55 and ¥ = 165°, 1950 210°, 225°, and 255° is

- shown in figure 2. The blade~azimuth positlon, 1ntegrated normal force

L

{‘.:: . ’4 ‘uw

coefficlent, and the centers of pressure are ag indicated. At ¥ o= 165°,
© the fllght—test dlstrlbution agrees with the two dlmensional data; the
center of pressure is close to (slightly aft of) the gquarter chord.
The’nermel-force coefficient is below the two—dlmensional stall point.
AL Y= 195° +he hormal—force coefficlent of 1.3 is above the.two-
dimensionsl stall velue but the pressure distribution appears unstailed.
A#[the‘femeining azimnth locations the hormal~force coefficient ig above
:'the airfoil sectlon two-dimensional stail point and no two—dimensional
daba are aNailab1e for compariéon. The pressure distribution is such as
$0 correspond to some_separaﬁion and, therefore, the section can be
vviewed'as exhibiting stall cheracteristics although the details of the
distribution have no counterpert in two-dimensional data. Based on

examination of the contouré}of figure 1, this increased maximum Cy
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is expected te:increase.the vibratorj amplitude of-the eCtuai airfoil
blade leads as. compared with the predicted two-dimensiohal aﬁr ioeds.‘

It mey be of intereet that some variatione in pressure onburred
‘between rotor revolutions for these last three plots (average values |
3are shown), however, the dlstr;butlon shapes are believed. representa#ive
Theee variatmons in themselves suggest 8 atalled type of flow.

Semple pressure distributlons for r/R = 0.75 are‘shown in |
figure 3; these distributions are for the ssme Tlight condition shown
in vfig‘ures'l.and 2, TFor ¥ = 165° and 195° the distribution shows
good agreemenf‘withrtwo~dimensionel dataub As.the-aZimuth.engle iucreases
from v % 195° fo 24O, the normel-force coefficients agein'increase to
valuee above the two~dimensional stall p01nt, although the actual aire
‘ foil retalns the unstalled two- dimeP31onal pressure dist*ibutlon.

The pressure distribution for r/R = 0.95 is shown in figure h o o i}
The normsl-force coeffic1ents are all below the static two-dimensional - | .
stall point and therefore good»pressurewdistribution cerrelafien would
be expected. For V¥ = 45° and 75° the agreement between fhehflight and
two~dimensional data is indeed reasenable, but aml ¥ = 90° and 1200 the
correlation is uet 80 good. Thus, while a large parf of the rotor dees
behave in accordance with two~dimensional daie, figures 2 to 4 show
that'poor}correlation can occur to a degree which would be eXpeCted to S

have a major effect on periodic blade loads., : | o
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'Chor&wiée'Preséuré Diétribuﬁions for Flightr

Wioh High BlddenTlp Mach Numbers

2

The next trim level fllght condmtion discussed for flight at a

| high tlp Mach number, for which the maxlmum bladeatlp Mach number

" was 0.76. The chordwise pressure distribution for the 0.95 blade

station is shown in figure 5, The normalmfbrce-coefficients are éll

"beIOW'the two-u;$ nblonal-alrfoil sball poln+ and. good. correlatlon

would be expected,_ The centers of<pressure, however, are all farther
forward than wculd.be expected ‘even for hlgh Mach numbez operation of
a‘two-dlmen51onal airfoml. For V¥ = 500 there is reasondble agreement
between tﬁe flight and‘tw0~dimansional distributions, although for
W =‘75°, 90¢, and 105° the flight data depart'from the two~dimensional :
data. | . |
'; The O;Tﬁwradius station shown in figure 6 ig for.the pre&iously

<déscribedvhigh tip Mach nﬁMber flight. The flight-measured chordwise
pressﬁre distributions, ﬁhe cenfers of pressure, and normaluforce
coefficlents are‘typical of unétalled two-dimensional date. The
correlatibh shown is}gdod. | |

The high tip‘Mach nuMber test for the 0.55-blade-span station is
ghown in figure 7;':Again the normel-force coefficients, centers.ofv
pyessufé, and the distfihution are typical of two-dimensional deta,
The correlation with tWO-dimensional data 1lg ageln good.

In sumﬁary, figures 5, 6, and 7 for the high tip Mach number flight

indicate that a large percentage of the actusl chordwise pressure distri

butions are in agreement with two—dimensional airfoil data. Only a
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small (though important)rpercénﬁage of‘the éreséuréVdistributioﬁsAaie_
- not iﬁ'agreement._‘Since-the disagréement ih this,case is primaiily‘ | N
in the high Mach muber reglons, it appears that with careful selection ‘
of the fllght tast conditions, 1t will be possible to find cases. that
_ ‘warrant uomparison with theories u51ng the two-dimunsional daﬁa to

study ‘the adequacy of new angle-of-attack prediction theorles?

‘dfher Fli ght Condltions

A small portion of the chordwise pressure distributions for a
number of other trim level~flight conditions have been reviewed~and-
‘the‘results ﬁefe similar'ﬁolthe‘resulté-of the rrevious two flight
conditions discussed in.detail in this paper; namély, thaﬁ portions of
the actual 6perating helicopter blade do noﬁAbehavé in accordance with
two=dimensgional airfoil data. Because,there are these cases Where
iﬁportant différences'do-arise, an exact knbwiedge of the rotor inflow
velocities 1s not necessarilyksufficient to deSCTibg the exact rotor .
blade loading. Caution should therefore be exercised in inferpretihg
the correletion of flight measured and theoretical rbtas«blade span-.

wise loadings.

MEasured Center-of-Pressure Movement
In an attempt to generalize the actual alrfoil center-of-pressure
movement; a plot was made of the centef of pressure as a function of
the blade azimuth angle for three different flight conditions, and
this plot is shown in Ffigure 8, Note the forward shift in center of

pressure on the advancing‘side of the rotor for all three flight
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| conditiOns and the'rearwarﬂ center’oF presgsure on the'retreatiﬂg side

~of the roﬁor for the first flignt condition (flighﬁ with blade section'

stall di scussed, nreviously) The i‘orw*ard sh:.ft in center of pressure

' eould not be explained'by Nach number cffects. :

The. fllghb—test bladﬁ was 8 modlfled NACA.OOl alrfoll (ref. 1)
'and hence had no camber, The interest ng possibility thus arises that

if a ‘small amount of camber, which‘woald tend to aad 8 constant mcment

ooeffic1ent w1th varying angle of attack below stall were added, the -

varlations,ln dynamic pressure with az1muth woul&-then modifly the
measured Centers of pressure in'suﬂh a way as to result in reduced

one-per~revolution aerodynamlc control forces., In other words, the

added source of moment variation with azimuth would be expected to have

~ a phase angle such as to offset partially the measured varlations.

-'Discussioniof Actual and TWO=Diménsional;Airfoil
Pressure-Dlstribution Differences
The reasons for the differences found between actusl and two-
dimensional airfoil data arve not cbmpletely-ﬁnderstéod; As is well

known, the flow conditions on s rotor are highly complex and meny

- potentiel contributing explsnations have long heen at hand Should,

such problems arise. Since the problem has now been verified in

tengible form, an effort is being made to gort out svme of these

posgibilities.

As one example, the fact that a high rate of incresge in angle
of attack can glve higher then statlc Cpp,. values is well known

(for example, ref. 3), and this effect has long been looked for in.
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r§tor méasurEménts;; In some early’invesﬁigations ﬁhis effec£ wasv
vapparently negligible‘, 'ﬁhat is, sﬁall‘wasevidenced roughly z:zhére
'e:cpénted. Appe.rently the other conmle ties of rdtor inﬂoﬁ and'the
5pec1f1c deslgn details, prevented any signichant occurrence of higher '
than,s%amic‘_omﬁax' velues. In several more recent invest;gations, .
1ncluding the.preseht one,_the}grgosité has been true,t Dynamically,
}. thié effect would be expected té increase the actual amplitude of the
oscillating:air 1oadé as coﬁpared to ﬁhé caleulated loads baséd on
twr?dimﬁnsiohal data. |
It shbuld be noted that the mbst drastic Source‘fOr high rates
_éf change of angle of attack 1s likely to be the sﬁrikiﬁg df,thé tip
-yortex from the previous bladg. Conséquently, the high’rates of change
aﬁd the qﬁ values in excess of static tyo-dimensionsl values may
occur in specific cases ih basically mild flight conditions as well as
in the low rotor spaedAor high forward’vélocity conditions normally
_vassoclated with blade~gectlon stalllng
Tine- varying blade yaw angles, snanwise flow on the blade, and
nonuniform veloclty gradients in front of the ailrfoil are other '
possible factors that may cause disagreement between actusl and two-

dimensional alrfoll characteristics.
 CCHCLUDING REMARKS

It has been shown that the actual helicopter rotor blade d@és not
always behuve 1n accordance with twos-dimensional airfoil data. These

alrfoil-characteristic differences are expecﬁed t0o amplify‘bgth'the
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'flngiséwandAtorsional blade oscillatingiloads. Possible reasons for

;'these differehces were briefly explored. jThe pqint ig made that when

the loads are predicted from refined inflow theories as compared with

ék@érimental loadings, caution_should‘be exerciged in interpreting

‘differences in Bladé loading, since these may arise because of the

lack of applicability-of;two-dimensiqnal data'rafher then inadeqp&éies

in the inflow théory. Thus, before comparisons of actusl and predicted

glr loads are used td'deﬁermine velidity of angle-of-attack calcula-

tions, each experimental case used must be reviewed for evidence of

the presence or abs nce of discrepancies between the actual section

serodynamic characteristics as reflected by chordwise pressure distri-

butidn, and the section characteristics being asgumed in the analysis.



- 12 -
REFERENCES

1. Lizék}_AlfrediAf: Tyo-Dimensionsl Wind Tunnel Tegts of an H-3k4
Main Rotor Airfoil Seetion. TREC Tech. Rep. 60-53 (SER-58%04),
U.3. Army Trgnsportation Res. Command (Ft. Eus.tis, ‘Va.‘)- R |
Sept. 1960.

| 2. Scheiman, Ja.mes,_'an‘d Iundi, LeRoy H.: Qlalitative Evaluetion of

}Ef:f'ect of Helicopter Rotor-Blade Tip Vortex on Blade Air'lo'ads.}

NASA TN D-1637, 1963. | |

3. Silverste:;n, Abe, and Joyner, Upshur T.: Experimental Verifica-~

tion of the Theory:bf'Oscillgting'Airfoils. NACA Rep. 673,

1939.

\
- gt gy



& \Ql WL

 ERR e E

i we G

W s e

e N
=~ ‘
o

° FL.L'HT AND e DIM. TUNNFL} CASES FOR CHORDWISE PLOTS

: o FLIGHT QNLT

NASA

Figure L.~ Loeal normal-force coefficients from flight data, p = 0.23

e % gl ‘




p=023 ' 055

'R |
o FLIGHT DATA
——~ 2-DIM. DATA

er - |QRE® = o
| chios % c?\lzﬂo
4& r_\-j . OQG, -i :
ol X=028 2o , ©=034
ol . O 4~ 4,;;2250
8 CN“"G
P 6 0 X ..
D = |95° © A
St C?\lﬁ:l.lﬁ Z ©o o 6
4+ £=025 4 ¥ =255°
© o ’ P oo Cn=1.5
2 "o 2 o o 22037
| L Lo 1t tliilel
0 5 10 O 5 1.0
X
C

NASA
Flgure 2,- Chordwise pregsure dlstributions.



R

el

Aprenil

pew e g (e

ieanl

O NDPOHOONDG

»—O X__.
. Op

O
I O T L 1 L |

S 1.0

C

o FLIGHT DATA
== 2-DIM. DATA

Fligure 3.- Chordwise pressure distributions.

NASA



p=0.23, & =095

o FLIGHT DATA
-=2-DIM. DATA

W= 45°  y=90°

2r _ 2 o
r‘(‘o C;\j 0.5 | \.:)EN 0.2
- \QQ‘\.‘?:O.Z' l E‘\Of_}o ”E. - 0.2!
° “"Qé"\;)::. L N,‘R"""‘Q':..%—aao..
O
=750 Y =120°
- Cy=0.26 2 Cy=0.2
=0 X:020 ik £=023
Qg b%
Yotk ey | | OBtk dbl
S .G O 5 1.0
X
C

NASA

Figure U4.- Chordwilse pressure distributions.



o FLIGHT DATA

 —--- 2-DIM. DATA

—:3C)° = o
o ~ y=90°
| _\\Q C ..O 33 Ir C 202'
N 3;\5 | 0° LI
sk 9 L-019 ..56\-,/’6’3“ X-018
O'J e 0 \‘~M
I . ‘l’ 60 - y=105¢
ap oo CyO2! o Oy0l9
— fo‘ o R : 'Eib\dfcycﬁ X
q 75=(1f7 \; 75;(1r7
o M o— 0 =g
Ir 4’”750 I p=189°
o0 C\=0I9 | C\~0l6
Se :0 .N _ 5~Qoo _N .
: "\f %:om I - fé-=0.48
o 5 00 5 0
X
C

~ Filgure 5.~ Chordwise pressure distributicns.

NASA



 w=024, L:075
o FLIGHT DATA
 ——-2-DIM. DATA

o w=ooe b y-imoe

N A L
X _Aor - S ST
Ol——=tmmmn Q) —==mOn
. 2F y=l20° ‘25\ o Wflgs
Ap ~ocy=027 |48,  On=066
-— B g L X
- q l_ % X-002 4'_ Qb\.‘; < =025
oL ALY s SO, 0] — O~ |
o - y=150° 49 y = 225°
R Cy=038 |\ Cy=0.84
5 A | 'AQO; N~ ™~
Mg X:028 [ Ra,  *=024
I at e VRN N o8 Ll T el )

o 5 100 5 10

Figure 6.- Chordwise pressure distributions.

NASA




i

S I S HE TR o PRI R P U L
P A T A cn RN e e T
! SN »ﬁi ) E ki ;j— ! e ! ’ gl'll g ) ﬁ,‘!!

.'.

. ’.nlb .
| 95 |
N D CD o N b

,u - 024, & 5 =055

R,

LN .1."'1"9-1~9~q.1
0 5

o FLIGHT DATA

6

‘ 4
Y

o3
\ | *:=O.26
L

IOO

X

c

S

~ ---2-DIM.DATA

S y=210°0

R C
T

=1.07
-»025

ZZ

N

o}xl

| bma;

— o

Y =240°
CpF 073

T & 5 S

S 10

Figure T.~ Chordwlse pressure distributions.

NASA



o

301
.20

ro
R
0.95
| o.7% -
©=023 -

‘gseggag o0
10 b—
30 = =0.18 . ' ‘
20 89%30039€°“°°°”°8°“@9808
JO; ‘
.30 ©n=0.29
AR 0g8o 0O
20 @38850030 889088%89655
qo ! L °, i L I |
0 80 160 240 320

Figure 8.~ Centers of pressure.

gaaﬂmeég@oogaﬂamﬂ-'

. NASA



	0001A12
	0001A13
	0001A14
	0001B01
	0001B02
	0001B03
	0001B04
	0001B05
	0001B06
	0001B07
	0001B08
	0001B09
	0001B10
	0001B11
	0001B12
	0001B13
	0001B14
	0001C01
	0001C02
	0001C03
	0001C04

