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SYMBOLS

8 Sonic velocity in the jet, ft/sec
Chord length, ft
Cd Sectional profile drag coefficient from momentum loss in
wake, corrected for additional mass efflux of the jet
- v, v,
Cde Equivalent drag coefficient, Cd + Cu QV; + Cu VE
Cz Sectional lift coefficient
CZ Maximum sectional 1ift coefficient obtainable within
max test Cu limitations _
Cm Pitching moment coefficient about the half-chord
50
P, -P
Cp Pressure coefficient, <
c, Momentum coefficient, mvj/ (q.8)
4 ' Profile drag corrected for jet mass efflux, lbs
mv]a
de - ‘VEquivalent drag, lbs, d + EV; + mV‘q=I
h ‘Slot height, in
) . Sectional lift, 1b
.G/de - ‘Equivalent section lift-drag ratio
A - Mass ef'flux, sldgs/seu_
M, © Mach nwsber in the Jet
J _
Me - Free stream Mach numbver
_ : : : A , _ s
P, Local static pressure on the model, lb/ft
7 | _ .
A “Duct (plenum) total pressure, /it
' o o : El
- P_ .. . Free stream static pressure, 1b/ft
. . . ‘ . . a N
Qp . Free streum dynamic pressure, lb/ft
_ - ' s, 3
R . Universal gas constant, 1715 {'t /aeu' OR‘
Ry Reynolds number based on chord . -
S : - Model planform ares, r't
ffv _ }*
N
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SYMBOLS (Cont.)

'.I"j Jet static temperature, °R
T, ~ Duct (Plenum) total temperatrue, °R
v, Jet velocity, ft/sec
v, Free stream velocity, ft/sec
X Chordwise distance from leading edge, £t
x/c -Dimensionless chordwise position
o . Geometric angle of attack, deg
Y Ratio of specific heats




SUMMARY

Two relatively thin Circulation Control (CC) elliptic airfoils
were tested subsonically to determine their characteristics as proposed

helicopter rotor tip sections. These airfoils, employing tangential
trailing edge (Coanda) blowing, had shown very promising transonic
characteristics in previous tests, It was the purpose of the subsonic
retests to determine if these thin sections could generate low speed
characteristics which would be equally impressive, Due to its more
forward slot location, the 15-percent thick pure elliptic section
displayed effective subsonic operation at positive angle of attack,
reducing drag while producing 1ift coefficients up to 3.5. The rounded
trailing edge configuration, with further aft slot and better Coanda
deflection of the jet, generated 1ift coefficients up to 4.25 (with
a preference for negetive incidence), but experienced higher dreg
levels. As a result of the small nose radii and low test Reynolds
‘number, both sections were limited in performance by leading edge
separation. At a fixed momentum cocefficient, variation in slot height -
“indicated that better performance was obtained for reduced heights.
- This was due primarily to higher energy levels in the Jet sheet, but
‘,'the lower bound on slot height was limdted by boundary layer buildup
‘in very small nozzles. Comparison of both CC sections to the more
“conventional NACA 0012 blade section indicated far greater 1ift
‘copabilities with circulation control. However, due to blowing ﬁower ‘
"~ requirements, equivalent efficiency was: 1034 nt positive incidence o
"than for the uonventional section. ' B '
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INTRODUCTION

Previous transonic tests (Reference 1) of relatively thin Circula-
tion Control (CC) airfoils had revealed very promising characteristies
for application to helicopter rotor tip sections. This effec%ive
performance of the CC airfoils, which employed tangential trailing edge
blowing, was obtained if detachment of the Coanda jet could be delayed
or prevented. One of the models tested, a pure elliptic CC section of
15-percent thickness-to-chord ratio, was able to control the jet detach-
ment, and thus showed effective high;speed performance based on its
ability to: - :

tl.‘:Maintain good trausonic equivalent lift-dreg ratios
at relatively high lift coefficient, o
2. Reduce drag.by thrust recovery in a manner similar
. to Jjet flap devices and thus increase the drag
‘divergent Mach number, _
f'v3, Control shock wave location and asgociated boundary
‘1&yer separation. E ’

However, en effeetive rotor tip section must also satisfy the cyclie

- requirements of the: rotor to alternately 0perate in the subsonic: flow
~ regime experienced by the retreating blade, '

' © "It hes been shoun ga.g., References 2, 3, 4, 9) that medified
“elliptie CC aeetian», employing ‘variations in thicknes», slot height,

: :trailing edge radius, and eamber, have been sble to geverate very hibh '

1it't coefficient and eqnivalent lift-drag ratios, both at subsonic
speéds’and-small angles of attack, 'It_yaa the purpose bf-the present'l
tests to determine if'theltup thin'trahsonic,CC'elliptic sections would
also be able to generate these imbreasive subsonic characteristies, |

50 desired were their aﬁrodynamic charaeteristics over a wide angle
of* attack range (-20?'$'a-s @200); which would allow comparison to a
-more conventional rotor section such as the NACA 0012, Determinntion'
of .the influence of variation in 5lot heisht and - locabion was an .
additional objectzve. : '




' MODELS AND TEST APPARATUS

Of the three model sections tested transonically (Reference 1),
the two tangentially blown ellipses were ch~<en for the subsonic retests.
-~ The two differ only in the geometries of their trailing edges, which are
interchangeable in a common leading edge. Details of their design
criteria and constructions are presented in Reference 1 and are thus
omitted here. Their geometries as retested are shown in Figure 1 of
this report. The major characteristics of each model are discussed
below, along with any minor changes necessary for subsonic tests.

MODELS

The basic model was an uncambered geometric ellipse of l5-percent
thickness~to~chord ratio, hereafter referred to as the "pure ellipse".
An 8-inch chord and an upper surface tangential slot at 7.39 inches from
the leading edge yielded a slot position of 92.4 percent chord. The
0.09-inch trailing edge radius of the pure ellipse produced a radiuse
to-chord ratio of 0.01225, This basic trailing edge was interchangeable
with another having a larger radius of 0.31 inch, which reduced the
overall chord to 7.70 inches. ' This second model, referred £o as the
"rounded ellipse" thus had a thickness-to-chord ratio of 15.6 percent,
a trailing edge radius-to-chord ratio of 0.0L03, and & slot location of
'lf96 percent. Both models were constructed Qflo.esaineh fiverglass finished
%o 600 fineness. A steel blade formed the upper surface of ihe slot and
was so situated that the slot exit was the minimum area throat of a smoothly
'converging nozzle, Two modifications to the medels were made: the '
'fAnddition of" separnte high pressure internal plenums at each end of the o
span, and flew fences, both ot uhich are discusoed below. -

TEST APPARATUS AND TECHNIQUE

The two-dimensional. tests ‘were canducted in the NSKDC 15" x “O" |
- subsonic tunnel which has a 16:1 contraction ratio and a partially open

- test gection. Plexiglass tunnel walls ‘allowed flow visualization by

~ means of both tufts and ofl flow, the latter making use of an ultra- ,
- violet light and fluorescent die. - Both models were pressure tapped alon& ;
the center span as denoted in Figure 1. Lift and p&tchinb mument B

e ———— T
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coefficients were obtained by numerical integration of pressures from
‘ those taps as recorded on a 1lhl port multiple scannivelve readout.
L,l 1 These coefficients were corrected by adding the vertical jet reaction

e

component to lift, and both horizontal and vertical jet components to
the pitching moment., Standard solid blockage corrections were applied
-to free stream dynamic pressure; no wake blockage corrections were used

=1

due to uncertain effect of the jet. Comparison of test pressure distri-
bution near the mid-chord agreed very well with potential flow, thus
indicating that streamline curvature (camber) effects were negligible.
In addition, experimental pressure distributions (see for example
Figure 23) very clearly showed that Cp = 1.0 was being calculated from
measurements at the leading edge stagnetion point, thus indicating

that corrected values of q _ were very ¢lose to the true values,
Drag measurements were made using a wake rake approximately 1.9
chord lengths downstream of the model. This rake employed 54 total
. pressure and § static pressure tubes in a 15-inch height, with the
‘tubes more hesvily concentrated near the centerline, The momentum »,
deficit methods of both Jones and Betz (Relerence 6) were used to
" reduce the pressure data to-coafficlent form. To aecount for additional';:7:

".:mcmentam from the jet, it was necessary "o ccrrect the drag coef“ieiert _
~ of both methods by the addition of mv;/qwa, a3 noted in Reference 5. .
The rake itself was innlzned upwards 10 degrees from the free stremm

V:Zto compensate for any aﬂguluri%y~errer¢ due to the~turnina .uzluenee';'
. of the Jet, - . : SR .
' Po assure that test condztions were in actuality 85 elcse to . -
.twa-dimensicnal as po““ible, especially in the high lift cages, several - |
. additional techuiques vere employed. ﬁ@cause yvery h;gh trailing edge
' ,':suction pnuka and associated advarse pressure gradiants were character-v.:}}
E istic of theye Jectiens, styong trailing edge vortioit" rrequen51, '
_ _ . formed a3 the: adverse gre nts and tunnel wall boundary layers inter
, ’3”' : _'Aneted. To counteract this, separate internal plenuns were .natalled i
f;" . _; 3 _ ; - the model at each end with regulated high supply predsure Sepurate from o e
iA o - 1--:-thé.main plenu. (3ee heaerence for details.) When properly adjusted ,:3if :i.'?
| for each;tqat-éqnd;t;on (i.e., blowing cqef{iu;ent und,aq,le or gctuck),

B L e S
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these "tip Jets" were able to energize the wall boundary layer and
greatly reduce or even eliminate the trailing vortices and associated
induced effects. However, the increased velocity and mass efflux from
the tip jets tended to exit three-dimensionally, interfering with the
lesser velocity main plenum flow and producing some spanwise variation.
To prevent this, thin flow fences were installed between the tip jets
and main plenum. These confined the tip jets to a narrow channel near
the tunnel wall, where they could still strongly affect the vorticity.
The resulting two-dimensionality was then verified by spanwise static
taps located near the trailing edge, and the required tip je: pressure
was ascerteined by a cottc~ tuft which would cease to spin wien the
~ vorticity was eliminated. '
Mass flow rate (h) was measured by an orifice pl -2 inserted in

the main supply line and cealibrated for Reynolds number effects. Jet
- velocity (V ) was calculated assuming an isentropic expansion from duct
' (plenum) total pressure to free stream atatzc pre»&ure-

-

~1

_1
: : : B
vj wajk-i nf'vm 143 = \¥) J

- The;momentgm_ecﬁrfiﬁientuwas;then1aefiﬁed;é&._417 B
B - S
u %\3 theoL
i : A statie calzbration of nogcle height @xpansion undor pressure allewed |
. a determinati@n of the iaentron;e wigs Tlow rate, and thus the ratio of'
7_'weaaured o isentr@pan f vould be determined. This ratio was found to

" -be between 0.90 and.0.56 over the entire duct pressure ranse. thuq

';indxcating the relﬁtive erfieiency of ‘the uc*~le.r




.DESIGN AND TEST CONSIDERATIONS

" The basic design considerations for the present models were those
relating primarily to effective transonic perfbrmance (Referénce l),
with no new design changes being made for the subsonic tests. It should
‘be noted that, whereas the pure elliptic shape was the superior of the

' two transonically (where the jet detachment criteria was of such impor-

“tance), it would be expected that subsonically the rounded ellipse
should be the better performer due to its ve.y effective Coanda jet

turning and resultant high lift augmentation. (See Reference 7 for

more detailed discussion of subsonic CC design.) It is necessary to

place some reservation on this prediction, because angle of attack and
slot location can strongly influence the subsonic effectiveness of CC
sections. Figure 2 presents potential flow pressure distributions for
the pure eliipse at Cl ~ 1,0, Usual design procedure is to locate the
slot slightly ahead of the adverse pressure gradient, which, except for
higher positive angles of attack, is far aft on the airfoil. This
locstion leads to high energy levels in the Coanda jet and assures
favorable jet attachment and turning, and thus high lift augmentation
at small or negative incidences. However, at positive angles of attack,

~ the adverse pressure gradient is farther upstream, and the far aft slot

" . has a reduced effect on it. Reference 3 indicates that for constant

blowing (Cu = constant) at positive incidence, forward movement of the
slot produces an appreciable increase in stalling angle of attack while
“maintaining a constant lift curve slope. This result is due primarily
to a re~energizing of the upstream boundary layer and prevention of
upper surface separation. It is, unfortunately, also associated with

reduced szax since the energy level in the Jet'hasrbeen'reduced Qhen ;'
it reaches and attempts to negotiate the trailing edge curvature. Thus-
an important aspect of the present tests was to observe any increase in
performance at positive incidence produced by the pure ellipse, with a
slot location about 3.6 percent chord shead of the rounded configu;ation.~
Although Reynolds number effects on scaling should be very small

(since a full scale blade should only have two to three times the chord




* of the model), a series of preliminary runs was made at variable free
stream dynamic pressure (from 5 to 55 psf) and thus variable R, At
low blowing, curves of Cz Vs, Cg for ¢ = 55 psf showed only a slight
deviation from those at q, = 20 psf. As Cu was increased the curves
tended to coincide, thus indicating an entrainment of flow into the
boundary layer, and apparent eliminatiop of variaticn with Reynolds
number. From a practical standpoint, it was desirable to run at a
lower q,, since & given duct pressure range would then yield a larger
range of Cu. Thus, the data published herein is all for a free stream
dynamic pressure of 20 psf and Reynolds numbers in the range of 520,000
to 550,000. The upper limit of CM was determined from the duct pressure
at which the jet sheet impinged on the tunnel floor, yielding separation
of the floor boundary layer and causing "wash out" of the rake and dif-
fuser., In certain cases of very high trailing edge suction peaks,
pressure coefficients as high as -18.0 were generated, thus reaching the
limits ~f the 2.5 psid transducers in the scannivalve, Based on these
two limitutionsand depending on slot height, duct pressure maxima of 50
and 40 in, lg. were set for the pure and rounded ellipse, respectively.
Figure 3 presents the measured momentum coefficients associated with
the range of duct pressures for several slot heights on both models,
while Figure 4 presents the corresponding ratios of isentropic jet
velocity to measured free stream veloecity. The much higher range of
Cu for the pure ellipse was available because the smaller trailing
‘edge radius did not allow large jet turning angles before detachment,
end thus the restrictions -of floor impingement and high negative
pressures were avoided. 1t should be noted that, due to the high
mass flow rabeéJand/orAplenum pressures required, very la e values

- of monentun coefficient are not of practical usage for application to
_Ce T°ﬂ°r5~5-A"re&5°“&hl¢$a“ifgfgpg;gg;?upper limit might be on the
" order of ¢, €030, U , e
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RESULTS AND. DISCUSSION
PURE ELLIPTICAL TRAILING EDGE
. Lift

The 15-percent pure elliptic section was subjected to testing
over the angle of attack range -12° ¢ o s 200, with momentum coeffi-
cients 0 =< Cu < 0.77 and for two slot heights, h = 0.0l inch and 0.025
inch, TFigures 5 and 6 present lift data as a function of~Cu for constant
@ and slot height. The initial sharp rise in the curves at low blowing
is usually attributed to boundary layer control, and the reduced slope at
higher ¢ is a result of supercirculation. Note that there did not
appear to be any lift drop-off with increased blowing ("Cu stall") at
any angle of attack, and that the maximum lift augmentations of 30
(Figure.Y)'Bccurred at the very low values of blowing. A maximum lift
coefficient of less than 2.8 for Cu s 0,30 does not appear outstanding
in the light of other CC results, (e.g., References 4, 5, 8, and 10)
and the lack of extreme high lift capability can be attributed to
several conditions: (1) absence of large trailing edge radius associated
with strong Coanda flow turning; (2) more forward slot location than
usual (i.e., 95-96 percent chord), leading to a lower energy level in
the Jet at the trailing edge, and (3) sharp nose radius producing
leading edge separstion. With regard to this last point, a thorough
anaiysis of pressure distributions in the nose region (especially in
the peaky cases of high o or inereased Cz) indicated that the bends in
the lift curves of Figures 5 and 6 were very clogely associated with
the pressure rise {suction peak drop) characteristic of a local
scparation. The flact that this phenomenon was very localized and was
not accompanied by complete upper 5urfnce geparation points strongly to
the leading edge laminar separation bubble. Figure 8 depicts details
of the formation of this bubble at & = 3 degrees, h = 0,01 inch. It
should also be stated that this problem could gquite likely be influenced
by the low test Reynolds num“er, which suggests that the high lift

conditions should be rerun at increased q.




A direct comparison of 1lift characteristics of Figures 5 and 6
by plotting on the same Cu scale reveals the effect of slot height
variation. In the range of Cu < 0,30, the 0,025-inch slot height pro-
duced a CL reduction of as much as 13 percent of the corresponding
(same Cu and @) value for h = 0.01 inch. The reason for the reduced

performance of the larger slot height is complex and not fully under-

.stood, but is probably dependent on jet Reynolds number and on mixing

characteristics of the enlarged jet with the associated boundary layer.
It is rather apparent, however, that for the same Cu, the larger slot

~ height required a much lower plenum pressure, producing a reduced jet

velocity, (Figures 3 and 4). The kinetic energy flux in the jet, a
function of Vj3’ was thus reduced accordingly; these lower jet energy
levels at the Coanda surface were probably directly related to the
degradation of performance.

Whereas the 92.l4 percent slot location was not particularly
effective in yielding high 1ift, Figure 9 (in comparison with Figure 26)
shows that it was in fact quite able to extend the range of positive o
operation. Unlike the far aft locations, this slot position yielded an
inerease in Cz for an increase in positive incidence at constant Cu'

_However, with insreasing Cu, the "a-stall" occurred at progressively

lower ancles of attack.

An interesting feature of tangentiml bLlowing over bluff trailing
edges was its apparent ability te exhibit viscous flow section properties
very close to those predicted inviscidly by potential flow, Figure 10
shows comparison between test and theoretical data for both blown and
unblown caeses, where the discrepancy for the unblown case was primarily

in the separated regime at the trailing edge. Application of blowing

caused very close agreement over the entire alrfoil except: (1) down=
stream of the slot where the additional suction peak was praduced by
the jet velocity (not predictable by potential flow alone) and (2) in
the lower surface trailing edge separation bubble region. Evaluation
of the wall jet contribution to the area under the Cp curve allowed
calculation of the potential flow results for a reduced net Cz which
excluded this additional area. The agreement bLetween test and theory

was then even better.
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An additional capebility of circulation control sections is
shown in Figure 11, that being the generation of positive iift at
negative angles of attack. For no blowing, it is seen that the section
behaved as a conventional airfoil at negative incidence, generating a
' negative 1lift due predominantly to lower surface suction. As blowing
was applied and increased, that condition was reversed. Suction was
transferred to the upper surface, with the lower surface contributing
very little to lift except at the trailing edge. The net result was
a positive C£ at negative o due primarily to supercirculation around
the airfoil. This represents a capability clearly not available from
a conventional section, and relative to the negative inflow angles
frequently encountered in rotary wing applicaetion, marks a quite desir-
able trait., Also noticeable in Figure 1l for the Cu = 0.202 case is a
local pressure rise at the second pressure trp downstream from the slot.
This occurred quite frequently at the higher blowing rates for both
negative and positive incidence. Since its location was in the region
of rapid curvature change in the vicinity of the slot exit, this
behavior was attributed to a small separation bubble formed by the high
velocity Jet unable to negotiate the sharp radius vrariation. As
reattachment occcurred immediately downstream, the overall effect

appeared to be negligible other than a very slight loss in Cg.

Drag

The effect of thrus: recovery on section dray coet'ticient is
indicated in Figures 12 and 13, where tor a s +0° the pure ellipse
performed very much as a Jet flap. This wa. a result of the small
trailing edge radius, which was net conducive to ef't'ective Jet sheet
turning. Consequently, the jet detached f'rom the Coanda surt'ace ut a
location closer to the slot and at a smaller angle rela’  to the tree-
stream. This resulted in higher wake eneryy levelu, lower mixing losses
. and thus larger drag reductions over the unblown cases. Other factors

contributing a less importunt but noticeable dray reduction were hiuh
“leading edge suction pesks (before laminar bubble rfommation) and an

incrense in lower surface basc pressure with blowing. Above 6 degrees




‘angle of attack, the drag no longer decreased with Cu in most cases
it increased. Reference to Figure 5 indicates that this rise in drag
occurred in the same regions at which the 1ift degradation began.

Study of the corresponding pressure distributions confirmed that the

drag increase began at that value of CM where the nose separation bubble
formed, followed in many cases at higher o by separetlon over larger
areas of the upper surface.

Pitching Moment

Typicel of tangentially blown sections is the suction peak at
the trailing edge and resulting nose-down pitching moment., Figures
14 and 15 depict the half-chord (probable location of a CC helicopter
blade spar) pitching moment for the pure ellipse, which because of its
elongated trailing edge, did not exhibit such large suction peaks as
the more rounded configuration. The moment coefficient did become

more negative with increased Cu, but nowhere near as rapidly as the
rounded’ trailing edge (e.g., Figure 18 of Reference 1). However, at
higher o when the nose suction peak was reduced, the trailing edye

peak became more doninant and the Cm more negative.
50

Bquivalent Lift-Drag Ratio

Section perfomance can best be determined in terms of an equiva-
lent lifte-drag ratio (L/de) which takes into account a penalty for the
kinetic energy required for blowing, and thus allows direct comparison
‘to unblown airfoils. The equivalent drag is defined as (see pages 8

and 9; Reference 1): i
d ed + 2~—- + 0V,

where d is the momentum defieit drag in the wake (corrected for jet mass
ef'flux), the second term is the kinctic energy flux and the third term
. is a ram or inteke penalty. In erefficient fbrm, the eqnivalent 1ift-
drag ratio may then be written as.

' v v,
fo/deﬂc d.+Cu2v;' +C“VI

'. ‘-B ‘. - -u»- wv’--‘-r: .
Ve .




Figures 16 and 17 depict this parameter as a function of lift coefficient
for constant angle of attack (where the few points at negative Ct and
,c/de have been omitted as of little interest). The maximum efficiencies
at negative and zero incidence occurred at low C and CL’ where at

positive o the maxima occurred for the unblown cases [overall (L/de) =
max

b3.5 at o = 90]. The forward slot location, small trailing edge radius,
and nose separation bubble have combined to produce a configuration that

obtained higher CL accompanied by some relative loss in efficiency.

. Nevertheless its ability to operate at positive angle of attack (Figure

18 plots (z/de) over the o range) and lift coefficients up to 3.5
max _
still make it a desirable rotor tip section in a regime where required

Cy
positive.

is not extremely high and resultant inflow angles may frequently be

ROUNDED TRAILING EDGE ELLIPSE
Lift

The rounded trailing edge configuration was tested subsonically
over the angle of attack range 20°sas 9°, with momentum coefficients
0= Cu S 0.33, and for four slot heights: 0.010 inch, 0.025 inch, 0.050
inch and 0,005 inch. The momentum coefficient range was more limited
than the pure ellipse due to the effective Coanda jet turning, with
resulting very high negative pressure coefficients and impingement of
the jet on the tunnel floor. Besed on results from References 1, 5, 8,
9 and 10, the preference of the rounded trailing edge to operate at
negative angles was anticipated, and angle of attack test range was
shifted towards that regime. Figures 19 through 22 present the lift
characteristics as a function of Cu for the four slot heights. With
the exception of h = 0,05 inch, the Cg Vs, Cu curves were very steep
and almost linear, indicating effective boundary layer control and high

1L augmentation. However, at zerc and positive incidence, the

initially steep curves were subjected to large slope changes before
very high Cz was obtained. As was the case with the pure ellipse,
this performance degradation was clearly attributable to the relatively

11




sharp leading edge and associated reduction in suction peak under high
circulation., Here again, low Reynolds number may have contributed a
significant effect. Figure 23 compares experimentel pressure distribu-
tions for o = 3 degrees and h = 0.0l inch; the highest nose suction
peak occurred for Cz = 2.72, the point in Figure 19 where the slope
change began. An increase in Cu produced a drop in nose suction and
a decrease in slope of the curve. However, as can be seen in Figure 23,
' the overall lift coefficient continued to increase\as the nose loss
was compensated for by increased suction over the mid chord. An impor-
tant difference in this nose regime was noticed relative to the pure
ellipse, which showed a very distinct separation bubble in the leading
edge pressure distribution (Figure 8). The rounded configuration never
displayed this characteristic as such, but as Figure 23 verifies, the
nose peak gradually reduced with blowing until it reached a certain
value of Cp (approximately =4.9 in this case but varying with a).
Comparison of 1lift coefficients at the same Cu and o but different
slot heights showed the same trends as for the pure ellipse: increase in
slot height yielded reduced CL'
energy levels in the Jjet with increased slot height. An exception was
found for the very small (h = 0.005 inch) slot height, which showed
inferior performance relative to the larger h = 0,01 inch slot. It

The apparent cause was again lower

is felt that the cause was a result of boundary layer buildup in the
nozzle throat causing reduced Coanda effectivenes., as well as a result
cof difficulty in uniformly setting that amall slot height on the model.
Lift augmentations for two slot heights are presented in Figures 2h and
25, with the h = 0.0l inch height yielding almost twice the augnentation
of the 0.025 inch slot. Figure 20 shows the effect of far aft slot
position in generating high lift st negative incidence. An increase in

blowing shifted C' towards a more hegative angle of attack. However,
tons
except for the lower values of blowing, an increase in positive incidence

(ror constant Cu) soon resulted in a decrease in 1lift, undoubtedly a

diaadvantageAif»operation-gt positive blade inflow angles were anticipated.

i




, A comment should be made concerning the nonlinearity of the -
curves in Figure 21 for the 0.05 inch slot height at lower Cu.
Apparently, the increase in slot height sufficiently changed the
“external surface shape enough to effect the boundary layer transition
on the upper surface. 0il flow studies and very closely spaced data
points relating to & similar phenomenon in Reference 10 indicate that
the reflex in the CL vs. Cp curves actually approached a discontinuity
in the curve immedigtely”preceeding the‘changé to a reduced slope.

Drag

Variation in drag coefficient with blowing is presented in
Figures 27, 28 and 29 (Drag date and resulting z/de for h = 0,005 inch
are uncertain due to nozzle boundary layer and nonuniformity of the
slot, and are thus not included). At negative o, and for low blowing
rates at positive o, the rounded ellipse also performed as a Jet flap
with the excess momentum in the jet sheet after detachment producing
& thrust resulting in zero or negative drag. However, for higher Cu
at positive a, the jet turning angle was grester., Delayed jet detache
ment (i.e., at a greater arc leagth downstream from the slot) caused
mixing losses with the freestream and yielded the resultant low energy
wake accompanied by a much enlarged wake width. Comparison of lift snd
‘drag curves (for example, Figures 19 and 27) indicated that the change -
in the lift slope corresponds exactly(same Cu) to the : dden rise in
drag, which implies that the drop in nose suction must have had sonme
effect on the increase in drag. (The same result appeared true for
the pure ellipse, although the drag increase was not so sudden,)

Pitchiqg—Mament

~ Pitching moment coefficients are presented in Figures 30 and 31
for two slot heights (the other two showed very similar trends). The
high trailing edge suction peaks produced much greater nose-down moments
than for the pure ellipse. At positive incidence, the rises in the
curves were due to rédistribution of 1lift over the forward portion of
the upper surface (see Figure 23). ' B
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Equivalent Lift-Drag Ratio

Section efficiencies are presented in Figures 32, 33 and 34,
where in spite of the high sectional 1lift coefficient, the rounded
‘configuration generated equivalent lift-drag ratios of 40 or less at

‘.Cz ~ 1.25 and h = 0.01 inch. An unexpected result was that the max-
imum efficiencies occurred at positive incidence (Figure 35). It

appears that the higher z/de values were generated at low or zero
blowing, thus indicating that the 1lift due to-incidence dominated
lift due to blowing in the regime of higher efficiency. A requirement

to operate at higher 1ift obtained by blowing would thus be associated
‘with an overall reduced efficiency. However, the need for high C‘E at
the rotor tip section is doubtful, and if operation at o < 7° is antic-
ipated, a comparison of Figures 35 and 18 points to the rounded config-
uration as the more efficient. In both cases, it appears that an

increase in slot height can be detrimental to efficiency.

' COMPARISON | I
' . .
& Variation in trailing edge radius on the two CC 1l5-percent thick

.*‘f sections, which were otherwise identical, ylelded large dlifferences in
' section properties. Tigure 36 compares the maximum lifting characteris=-

tics, where it is seen that for the range of Cu s 0.20, the rounded
trailing edge roughly doubles the values produced by the pure ellipse,
The Cz
coefficients 0 s Cu g 0,20, the upper limit resulting f#om test
limitations (floor impingement and transducer range) on the rounded
“ellipse with h = 0.0.. 3ince this value was not the limit for the
remaining configuratiqns, these data are not bve taken as section over=

values shown for each @ are maxima within the range of nomentumn

all maximum Cz. Data for a conventional rotor section, the NACA 0012
(from Reference 11) at M, = 0.2 is plotted for comparison to the CC

sections (at M, = 0.12). Its lifting capability is restricted by the

Kutta condition at the sharp trailing edge, & condition overcome by

, the bluff trailing edge of the CC sections and their ability to control
] circulation by movement of the stagnation point., Whereas the drag on

‘ the blown sections can be reduced to.far less than that of the 0012,

p ey <9
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Jthe power required as reflected in the parameter z/de reduced the CC

- efficiency to less than half that of the unblown 0012, as seen in

A Figure 37. (The comparison is being made for airfoils of unlike thicke

- ness, where the additional 3-3.6 percent was somewhat detrimental to
CC profile drag, but due to somewhat larger nose radius, was helpful

in 1ift. In addition, the 0012 was tested at Re = 12 x 10® which would
introduce further differences between the two tests.) Clearly, the
advantage of these thin circulation control sections does not lie in
high efficiency, but rather in their ability to generate a large range
of 1lift coefficients over a wide range of positive and negative angle
of attack. Coupled with the pure ellipse's transonic performance,
this ability to operate cyclically with performance variation from
blowing,instead of change in incidence, should provide the basis for
much improvement in rotor tip section design. Figure 38 presents a
comparison of both subsonic (Mm = 0.3) end transonic (M_ = 0.7) perfor-
mance, where all data on the solid curves for the pure ellipse are
comparable to only the two points for the 0012 for the same small
angle, o = 0.8 degrees,

CONCLUSIONS

Subsonic tests conducted on two 1l5-percent thick circulation
control ellipses indicated that subsonic performance was heavily
dependent on prevention of leading edge separation at higher lift v
coefficient. Comparison of experimentel data over & wide range of
angle of attack and momentum coefficient yielded the following
conclusions:

. The pure elliptic configuration, due to its more forward slot

location, displayed increased upper surface boundary layer control, and
was thus able to operate effectively at positive‘angles. Its small
trailing edge radius prevented good Coanda turning, resulting in maximum A'
lift coefficients of 2.8 and 1lift augmentation ratios of 30 for cu <€ 0.30
but reduced nose~down pitching moment. The excess energy in the jet sheet
after detachnent greatly reduced drag, thua generating maxinum equivalent
efficiencies of h3 at c‘ &Y, 0.':1 ' ‘




® The larger trailing edge radius of the rounded ellipse generated

‘ B strong Coanda attachment, resulting in preference for negative angles, : \
_LP;' ; where a maximum Cz of 4,25 was generated at o = -6° and CM < 0.30, along ¢ ; ‘ #rf
| 88 ' with associated 1lift augmentations of 67. Drag levels were generally
higher than those of the pure ellipse, resulting in a maximum E/de of
Lo at Cz = 1,25. e : i

® Due to higher energy levels in the jet sheet, the 0.0l inch

slot height for both models was more effective than larger values. The
reduced performahce of the 0,005 inch height on the rounded ellipse was
probably due to boundary layer buildup in the nozzle throat and resulting
poor Coanda flow. L
® (Comparison of the CC sections to the conventional NACA 0012 +;_
indicates much higher 1lift capabilities over a wider angle of attack ' H

range for the blown sections. However, due primarily to the penalty
for blowing paid by the CC sections, the 0012 generated twice the
efficiency at higher positive a.

These results indicate that a thin circulation control section

capable of good transonic performance can also perform well in the

subsonic regime over a wide angle of attack range. The present tests

suggest that future investigations be conducted on larger leading
edge radii (or perhaps ovoid shaped noses), Variation in longitudinal
slot location, and a composite trailing edge configuration based on
the promising Peatures of both the pure and rounded ellipses. In - _ o
addition, testing at higher Reynolds number ahculd be’ uerioquy considered, ,'W'
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Figure 5 - Pure Ellipse Lift Variation with Momsntum
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Figure 7 « Pure Ellipse Lift Augmentation, h = 0,01 inch
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Ellipse Showing Leading Edge Bubble Formation
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Figure 43 - Drag Coefficient Variation with ‘Nomentum Coefficient
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l‘iguro 16 « Equivalent Lift.Drag Ratio for the
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Figure 17 « Equivalent Lift-Drag Ratio for the
Pure Ellipse, h = 0,025 inch
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Iigure 33 « Equivalent Lift-Drag Ratios for the
Kounded Ellipse, h = 0.025 inch
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