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' CCHPARISON OF CALCULATED AND HEZASURED

KCDEL ROTOR LCADING AND WAKE GECKETRY

Wayne Johnson®
Aﬁes Research_benicr
and
Aeromechanics Laboratory

AVRADCOM Research and Technology Laboratorics

ABSTRACT

Calculated blade bouni circulntion and weke geomatry arc compared
with neasurcd resulis for a model helicopier rotor in hover and forward
.flight. Hover resulis are presentsd for rectangular tip and ogee tip vlanforn '
blades. The correlation is ﬁuita good when the neacured wake geometﬁy
characteristics are used in the amlysia, Avallable prescribed waké.
geconmelry nodcls are found tb glve falr ﬁredictions of thé loading, but
they do not precuce 2 r¢asonable prediction of the induced power, Forward
£1ight results arc_presen;ed for tuisted and untwisted blades. Falr
correlation between neasurements and calculations is founi for the bound
circulation distribution on the édvancinz side. The tip vortex geonetry
in the vicinity of the advancing blede in forward flight was predicted
well by the free wake calculatiog used, although th2 wake geonotry did not
have a significant influence on the calculated loading end perfernance for

the cases considered,

*Head of Rotorcraft Research Section, Large-Scale Acrodynanics Branch

-1~



IRTROTUCTION
A series of exferimcntc have been conducted at Ames Research
Center, in which a leser velocinoter was cmployed to measﬁrc tha flow
fleld of_avmodol heiicoptcr :otor,_ Tha-resuitavof.these experiments haQe
included measured bound circulation and tip vortex location for a hovering

rotor with two blade tip planformssi'z

moasurcd bound circulation on ths advancing ,
side of the.rotor in forward flight;B and measured tip vortex poslt;on an

the advancing side in forvard flight, for two blade twist valuos,t'?

Each of these experiments used a two-bladed rotor with a radius of approximately
1 meter, operated at low tip speed.. The forward flight oxperiménts were
corducted in a 7- by 10-ft wind tunnel., A two-conmponent laser velocimeter

was used to mcasure the flow field in the rotor wake. The blade loading

was obtainsd by measuring thc circulation arocund a box enclosing the blade

at a spocified radial station. The vake geometry, in terns of the location

of the tip vortices, was obizined from measurenenis of the induced velocliy

along radial and vertical traverses throush the wake. Completc detalls of

1-5

the experiments are given in the original papers.

A priuciral objective of this serles of experiments has been to
provide data for the.development and verification of rotor analytieal
models, The purpose of the present paper is to compare the measured
loading and weke geometry with calculated results. For tho calculations,
a recently developed hellcopier analysis was used.6 The rotor wake analysis
was based on a diccrete elemcnt repreccentztion of the vorticity, with models
for the wake rollup and the distorted wakc geometry. The locding was calculated
using 11ftinz line theory, with correcilons available for three-dimensional
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offocts at the tip and at V°fteﬁ/b1&56vintcfactions-» The rotor blede
flapping rotlon was calculated by means of & harmonie analysis nethod.

An exicting aralysis was uscd 0 calculats tho dictorted, free wake

geonctry in forword flight.7

ANALYTICAL HODEL o

A top view of the wake model is chown in figure 1. The induced
velocity, circulation, and 1ift are evaluateé at 15 stations along the
bladé. as shown by the do{s. The trailed vorticity in the wake direétly
behind the blade i3 represented by discrete vortex lines positioned midway
between tha points at which the ciréulatién is calculated. The strength
of ecach trailed line is defined by the difference between the bound
circulation at successive radial statiohs. This part of the model is &
conmon numerical implemedtation of lifting line thcory. ?or the rotary
wing it 1s nccessary also to model the rollup of the vorticity into a
concentrated tip vortex, becausce the bléde encounters ths wake frem the
preceding blades as it rotaztes. Therefore, after an &s :utﬁal extent of
30° in this case, the trailed vorticlity is concentrated into a ﬁinzle tip
vortex line, uith strength equal 1o the maximun bound circulation of theo
blade. The azimuthil extent of the ncar wake uaé varied fronm 150 w0 60°

(and the number of radia) stations from 10 to 15) with little effect on tha

~calculated loading. The key element in the nodel Is the vorticity distribution

in the wake when it encounters the following blade, at which point it nust
be concentrazted into the tip vortex. For conservation of vorticity, thore
nust be an inboard sheet of trailed vorticity with equal total strength and

opposite sign as the tip vortex. This inbocard shect is nuch less important
-3
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than thoe tip vortex.>part1y tocause the vorticity is not as‘concentra;cd
ard partly because it is convectod dowmard at about twice the rate cs the
. tip vortcx.a Concequently ths cntire inboard sheet can ba reasonably represanted
. &5 a single vortex line, shawn dached ia figure i.iuith a laxge cofc radius
- (43% of the rotor radius in this case) to avold unrealisticall& large
induced velocitles when the vake‘passeé undcr the following blade. A
similar Qako nodel is used for ihe othcf‘blade of the rotor.’ The detalled
‘near wake model need not bs used for the second blede since it is for from
where the induced velocity is beirg calculated on ths first dlade (figureli).
The curved trailed vortex elements in the wake are represented by a connccied
serles of straight line segnents, with an azimuthal increrent of 15° in this
case. Five revolutions of the wake behind e;ch blade are modelled in this
fashion (only the first onc-half rpvolution is chown in figure 1). 4An
additional 30 revolutions of the wéke are rodelled using rectanguiar vortex
shoet panels to consiruct a cylinder of 2xial and ciréumferenti&l worticity
rerresenting tha tip vortices, and an axlial line vortex refresenting |
the roof vortices, By this neans fha weke far from the roior blade (extending
- approximately from 2 to 10 rotor radii below £he disk) is econonically
accounted for; if this part of the wake were neglected, the induced velocity

at the rotor disk would be cignificantly undercstinated.

‘Tho geomeiry of the tip vortex in hover is described by the following
coordinates:
x= (14D cos(*?-)
y= (14D) sin(-9)

=
z Dz

ole
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A tip—paih fiane éoérdin?té syﬁtem>ﬁi£h ofiéiﬁﬂcéntéfed oh {hc iéior-;ﬁa};
is used; x and yraro roctangular coordinatss in the rotor planos 2 is
measurcd vortically upward from the plano of the blade tips. The asinuth
angle of the rotor blade 15 AP, measurcd fron the x axisy ¢ ic the
wake age, 1.e. the azinuth angle along the wake halix, neasured fromn tha -
rotor bladc. D and D are ths vertical and radial distortions of tha uake
due to its self-induced velocity. A two-stage vortical convectlon and
exponential radial contraction model is used forvhovorz8 .
-‘K1‘§>.Z:' o e

-Ky T -K(§-R) b >

D= -(1- K3y(q - K,)

(a similer nodel is uéed for'the distortion of ths insidé and outside

edges of ths intoard wake shcet, but only tho tip vortex geenetry has-a
‘significant effect on the loading). The parametcrs Ki' K3' and Ku deternine
the positlon of the tip vortex when it encounters the following blado; K,
detemines the contraétcd radivs in the for uch} and K, determines tho
vertical convection after the first blade passage. An undistored wake gaomeiry
can be obtained using Df = 0 and D, = ;‘%T; , where 1; is the mean |

inflov ratio at the rotor disk,.

A similar wake modél 15 used for the forward flight calculations.
The bound circulation in forward flight variés azinuthally as well as
fadially. so the shed wake is also included. The shed wake is modelled by
radial, discrete vortex lincs. The vérticity stirengih varies lincarly
along each vortex line elenent, both trailed and shed. In forward flight

1t is only necessary to use two revolutlons of the wake behind ¢ach blade

-5-
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to ealculz..te {:ha induccd veloc“; o The g..,o Aetry of ths tip vortcx rolativo
to the tip-path plans ic described by ths following coordi’m teot

. = COB(; ..(()) + é}/-& + Dx(‘.:). )

yt o = oin(¥’-4) + p (“~P’,t$) '

Cos _ ‘ .
gt sy ra ()
whera ;.s is the rotor advanse ratio (fon:a*d srscoﬁ dividcd by tip ape‘.d) :
and @’tpp is the angle of attack of the tip-path plansc, positive for \

g rcarvard t11t. The coordinate Xy tpp is positive downstrean, and ytpp is

positive to the right, uind or tunncl axis coordinates arc obtained by

'accountin\, for the blade flapping motion;

z-z +@p+((’1c e()x+ (31

where @. is the blade precone angle, @1 o and @15 arc tho lonfritudixm; '-
ard latoral flapping anzles (relative to the chaft), and ety is ths ghaft
angle of attacl:. An unllstortc wake gooneotry, that only accounis for the
vertical convecmon due to ths noan indueccd velocity, is obiained valing

= Dy = 0 ard ') = -é # o & free wake geonstry calculation can alco

" ba used,

-HOVER RESULTS

Exporimental data .c.re avallable for the circulation and wake ceonatxry
in hover with two tip shapes, rectansular and ogee.1’2 Tha principai
perameters defining the rotor and operating conditions are glven in Table 1
further details, mrticularly for the twist distribution and ogce tip planforn
are given in the originsl mapers. The oges tip planforn extends over the
outer 10% span of the blade. The solidity used for the ogse tip is the
thrust-equivalent values (radius-s squared welghted)., In all calculations,

-6~
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Tadle 1.

Rotor parameters and operating condition for hover czses.

_ Rectangular Ogee Tip
Tip Blades ’ Bledes

Blade radius, R | 1.045n 1.045 n

_ Rotor tip speed 76.6 nfsec 76,6 nfcec

Number of blades 2 o 2

Chord, c/R
Preconc
Twist

Solidity,eo

Thrust, clJr

0.0729 10,0729
1.2 W
-11° -11°¢
0.0464 0.0396

0.099 0103
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'thélfoto¥ -thrust ﬁ#s tiiﬁméﬁlfo thé value given in fﬁbié i; ﬁhich ﬁas“'—

obtained by integrating the'éeasured 1oadihg dictribution.
The calculated and meaéuréd circulation distributions are compared

in figure 2 for the rectangular tip blade in hovor. The calculatione f
usced the measured position of ths tip vortex whﬂn it first paesod undar the
following blede, and a value of K2 = 0¢0550. A tip loss faector of B = 0.985_1
was used., The correlation exhibited in figure 2'13 quite good. The wake
geonetry used is shown in figure 3, in terms of the intersectlons of the
tip vortices with a vertical plane under the rotor blade (the x-y ﬁlane.
with the dblade at azimuth angle ‘%’= 90°). The undistorted wake geometry
is alsc shown in figure 3, and figurc & shows the corresponding caléulated

" eirculation. Without a proper modelling of the wake contraction, tha

caleulated losding distribution is very differcat fron the measured distributlon,

Prescribed wake georotry models for hovering rotors have been
developsd by Lanugrabegr d by Kocuwek and Ta nvlcr.io They developsd
enpirical exprcscions for the constants Kl' Kz. K3' and K by matching
}rotor wa!e geo"“t;y duta obtained usinﬂ flow visualization techniques.
Pigurcs 5 and 6 show the loading calcu.ated using these two vake gooqet:y
models. For the present cace, the only significant diffcrence between
the landgrebe nodel and the Kocurek and Tangler model is in the parameter Ki'
hence in the vertical separation of the vortex when it first encounters tha
following blade (see figure 3). Tho Landgrebs model places the voriex a
onall distance (1.1% R) clozer to the blade, hence the peak bound circulation
15 somewhat larger than for the Kocurck and Tangler model (conpare figures

8-



5 and 6). Theﬁecp;eséfibédAwaké nodels give a valus of K2“7 0.0608,

Figuie 7 éhows ihe»loading calculated wing the ncesured ldcation for the
tip vortex when it first passes under the blade, and & valua of K2 ~"0.0608.
Figures 5, 6 and 7 diffor only in tha locaetion of the first vortsx under
the bladg.' "he data used to conctruct ths p"escribﬂa wake rouels.9 10

show & scatter in the vortex pos*tion of perhaps 21 to 2% of the blude

rédi'ﬂ.: Hithin that accuracy, the tip vortex geonetrios defired by thﬂi .

two model° are 1dent1ca1 for thls caso, ‘and both correctly p“cdict the

location of the first vortex under the blade. Howsver, althouph the diffcrenccg
in the vortex positions are slight,.using.the neacured position (figure 7)
definitely improved the calculated loading d;strihution, compared with usigg

the prescribed uake models (figures 5 and 6).

Figures 2and 7 differ only in the value of ths narametor hz
‘vhich is the vertical convection railo f tor the vortex first encount@r’
the follewing blade., The neasurcd wake geonetry data does not provide a
vialus fo? Kz. Ihitially therefors the loading was calculated ﬁsing tho
gane value ovaC2 as given by the prescribed wake nodels (figure 7). By
-using a 10% smaller value of_Kz..ﬁhe correlation of the.measurcd ahd,
calculatqd circulation distributions was definitely improved (figure 2).
The calculated performance provides further sﬁpport for tha use of a smallerx
value of K2 than obtained from the prescribed wake modelé. Using Kz = 0.C608
(figure 7), the calculated induced powerrwas only 3% bighér than the idcal
nomentun-theory induced loss, which 1s nuch»hatter performance than would
be expectod, espacially with two blades. Using K, = 0.0550 (figure 2), the

calculated induced power was 124 higher than ldeal, a more reaconable valuo,

-9~



l: The éaléulated and peasured circulation distributioné a:é compared
"in figurc 8 for the ogee tip blade in hover. The calculations used the
neasurcd position of the tip vortex when it first passed under the following
blade. and a value of K = 0,0500 (figure 3). WHith the ogece planform. the
meaoured data show the tip vortesx rollup occurring at a radial station of
94% R, It was poosible to propurly model this rollup position in the -
analysis by simply using a tip loss factor of B = 0.94, . Ths correlationu
exhibitcd in figure 8 is nearly as good as for the rectangular'tif blade.
For the ogee tipithere are no corrcsponding prescribed wake nodels to provide
a gulde for the choice of KZ; the wake convection must 53 specified on the
basis of the peak circulation and the predicted induced pouwer. Properly
modelling the tip vortex rollup at 94% R is essential for an accurate
calculation of tha loading distribution. For éomparison, figure 9 shows the

loading calculated for thes ogee tip when tho vortex rollup remains et r/R = 1,

A

.
B I

as for the rectangular blade. It is interesting to note that the ogee tip
blade can be considered equivalenf to a rectanzular t:p blade with a :adiusz\“
of 9% R as regards the bound ciréulation distribuiicon and weks geometry;

and as regards the rotor p°rfornanc» parameters (8isk loading, induced pover,
and figure of nerit) of course. the ogee planforn in addition producco

a tip vortex with a larger core radius and smaller peak velocity.

FORWARD FLIGHT RESULTS
Experimcntal‘data are available for the circulation and wake
geometry in foxrward flight for blades with zero tuist and -11° tuist. 3-5
The principal parameters defining the rotor and operating conditions are

given in Table 2. The measured bound circulation is available only for tha

-10-
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Table 2. Rotor parameters and operating condition for forward £1ight cases.

Zero Tuist | -11° vist -
Blades Blades
) Blade radius, R S 1.066 n » 1,045 m
) Rotor tip speed "‘ - f: 67.0 m/sec 65.7 n/sec
Number of blades | 2 | 2
Chord, c/R C0.1012 0.0729
" Precone R ‘ o 1.5° : 1.5°
Solidity.fr' 0,064 0,046k
Lock number.?f ' 3.3 3.78
Advance ratlo, V/E2R 0.18 ©0.18
e v . Shaft angle, &4 : |  . » 1510° -10°
| Collective pitch, 975 8.5 IR 10.1:
-6.6° ~5.5

?ip—path plane angle.citpp

-11-
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untifisted viade, on the advancin sidc at ‘%3- 90 « The npeasured and coleulated
circulation distridutions arxe compored 4n figure 10. The clrculaticn tox
encloqes sone of tho shod usko vorticity, which is sguivalent to measuring

tho circul&tion of the blzde wﬁﬂn it is nt a Bligh.lj earlicr azicuth position'

hence ths calculatrd loading at %= 75° is also shown. Tha correlation

exhibited in figure 10 is fair, although btoth tho sccattsr in the neasured
data and the differences betucen tho measured and calculated results are
larger than for the hover cases. Ths calculated loading in figurc 10 was
obtalned using the free wake geometry model, but the resulis obtalnc

using an undistortod weke geonetry were nearly ths same. Using the two
wake nodels, only small differences were produced in the calculated

thrust, power, ard flapping. Howcver, using ronuniforn vake-induced -
velocity prcduced iargo differcnces compared with using uniforn inflow
(with uniforn induced velocity, ths bound circulation at 8 = 90° pould bo

2 linear function of the radiel station x/R).

Heasurements are available for the geometry of the tip vortex fro

. tho blade at S)‘ 470 v 4n the vicinity of the other blade et W = g0°

on the advancirg side.5 Figures 11 and 12 conpare the calculated free wale
geonetry results with the measured tip vortex position for the untuisted
blades. A top view is shown in figure 11 and a side vieu in figure 12.

A tunnel or wind axis systen is used, with the X ccordinate directed
downstream, the y ccordimate toward the advancing side, ard the z coordinate
upwari. The rotor hud 1s the center of the coordinate cystem. The wako
geometry is calculated at 150 azinuth intervals, so the range of the experimental
data is covered by just two vortex lire scgments. The corrcsponding results

L -12-
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for the -11° tuist blades ors 'sha'n'n in figureé 13 and 14, méures' 12 and 14
alco show the gcémetry obtained usins the urdintoricd weko rodel. Thz
correlation between tho ‘measurcd and calculated froe weke geonetry is good,
corsldering that the caloulation docs not attcnpt to rodel tho fine dotails
" of the goometry. At this point in the vake, the predicted distortion i
smail in the x and y directions. The vertical convection 1o significont
however, and hus the net effect of keoping r the vortex in the vicinity of thé
blade at Y 90 noarly pm:allel to the tip-path planc (which is tilted
forvard relative to the tunncl azes). This trend is confirmed by the
measured positions. In contrast, the undictorted geonetry shous tha tip

vortex being stcadily convectod downward relative to the tip-path plane as

- the element age increases.

1t nust be recognized however thatrthe expﬁrimental data-ﬁoes not
provide d pnfticulnrly severe test of the freec wake caleulation. The tip-path
plane angle of attack is fairiy large, and the tip vortex encounters the
following blade with sub stantial vertical separation. Consecquently the tasks
_ of cmlculatin0 ths wake geo*etry 1 Joading are easier than for snall tip-path v
plane angle of attack. In fact, althouvh ihe use of nonuniforn inflow is
important, there is 1ittle difference for this casc botucen the f{ree wake
 results and the undistortel wake results, as regards the performince and

blade leoading.

CONCLUSICNS AND RECOMMENDATICHKS
Calculated blade bound circulation and wake geonetry have been

compared ulth neasure’ results foxr a model helicopter rotor in hover and

-13-
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forwérd fii@ht. Quits good correlation wes fouhd for ths predictod and
noasured clrculation distribuitisags in hover. This correlation uaé only
rosciblo using the neasured wako 565:30'@:/ characteristics, including the tip

- vertexn rollup, the redial and vertical position of the vortex when 1t

firct enéouﬁtsrs ths following blade, and the \rerﬁcal convéction rate in

the far waka. An accurate wake geometry calculation will be necessary for a _
conpletely analyticel calculation of hover performance and loading. The

vake geonmetry defined'by the avallable prescribed wake models was found to
give thz general features of the loading distribution well, although significant
changzes in the peak loading are produced by geometry differcnces that are
within the scatter of the data from which the prescribzd wake models ucre
constructed. lMoreover, a reasonable prediction of the irduced power (which
15 very sensitive to the wake geonmetry changes) was not obtained using the
prescribved woeke nmedels. The correlation between the calculated and

neasurcd circulation disiributions in foruard flight was acceptable, but

not as good as for the hover cases, The tlp vertex geometry in the vicinity
of thc advancing blade in foruard flight was predicted fairly well by the
_frcde wake calculation used, although for these cases the wake geonetry.did

not have a significant influence on the calculatind loading and performance.

The experimental program that praoduced the data examined in this paper
is continuing. The work in hover will be expanded to include variations in
the nunber of blades, thrust, planform, and tip Mach number. It cshould be
possible in these tests to also measurc the vertical coavection rate aftor the
..tip vortex first encounters the following blade, In future forward flight
tests, 1t will be poscible to.measure the loading at azimuthal stations‘on

-1l
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the front and reoar of tha dick, by using & three-component laser velocimetér
system. It is recommended that data b2 ob{aincd at only o feuw azinuth stations,
for a wide ronge of rotor oporating conditions (as opposed to collccting

deta at enough azimﬁth stations to define the lﬁading distribution over the ?
entire disk, but oniy for ona or two opcrating conditions). Even more useful
would be the loading at a fixed radlal station as a function of azimuth, since
'vortex-inducéd loads are noro‘raadily.discerned vhen the loading is vieued

as a funétion of azihuth rather than radius. The operating conditions

should include cascs of small tip-path plane incldence, to provide a better

test of the loading and wake geometry predictions,

-15-
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Skstch of wake model in hover (top view)

Figure 1.
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Figure 2. Conparison of measurcd and calculated circulation for rectangular

tip blade in hover, with nmeasured wake geometry and Kz = 0,0550
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Figure 3,

Location of tip vortices in hover (intersections with vertical

plane under rotor blade; flagmed points obtained by LV neasurenents)
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Figure 5. Bound circulation calculated with Landgrebe wake geometry
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Figure 6. Bound circula‘ion calculated with Kocurek and Tangler wake Geometry
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Figure 7. Bound circulation calculated with neasurcd wzke geometry’ and

Kz = 0,0608
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,Eigure 8. Conparison of measured and calculated circulation for ogee tip

blade in hover
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Figure 9. Bound circulation calculated for ogee tip blade with tip vortex

rollup at r/R = 1.
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Figure 10. Comparison of measured and calculated circulation on the advancing

side in forward flight (V/LR = 0.18, untvisted blade)
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Figure 11. Top view of tip vortex geometry in vicinity of blade at ‘i’ = 90°

(V/S.R = 0.18, untwisted dlade)
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“Figure 12.  Side view of tip vortex gedmetry in vicinity of blade at \p = 90°

(V/SLR = 0.18, untwisted blade)
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Figure 13. Top view of tip vortex geometry in vicinity of blade at M= 90°

(v/oLR = 0.18, -11° tuist blade)
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Side view of tip vortcx geometry in vicinity of blade at *0 = 90

'(V/Q.R = 0. 18 “11° twlst blade)
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