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SYMBOLS

Model slot ares, 13
Chord length, ft

Axial force coefficient -

Sectional profile drag coefficient measured from momentum
loss in wake and corrected for additional mass efflux of
the Jet

Section profile drag coefficient as measured by rake,
uncorrected

Equivalent drag coefficient, Equation (8)
Sectional 1ift coefficient

Maximum sectional 1lift coefficient obtainable within test
Cu limitations

Pitching moment coefficien’. about the quarter-chord
Pitching moment coefficlent abou. the half-chord

Normal force coefficient

PP
Pressure coefficient, —ﬁazn
Momantum coefficient, 6VJ/(qws)

Maasured profile drag corrected for Jet mass efflux, lbs

_ Equivalent drag, lba, Equation (7), (10)

Slot height, £t (except where noted)
Tunnel test aecticn'height,,ft;

Sectional 1ift, 1b

* Equivalent section liffdreg ratio
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Mass efflux, slugs/sec } ;
Compressor power required to generate airfoil corresponding Cu ‘
Local static pressure on the model, 1b/ft3 i
Duct (plenum) total pressure, 1b/ft? %
Freestream total pressure, 1b/ft? ii )
' Total pressure measured by wake rake probes, lb/ft? ; p
Freestream static pressure, 1lb/ft2
|
Freescream dynamic pressure, lb/ft? ’
Traill-s edge radius, % ‘ "
Universal gas constant
Reynolds number based on chord }
Model planform area, fi2 \
&
Jet total temperature, °R !
I\
Airfoil maximum thiclkness, f% ‘3
Jet velocity, ft/see J & pp  fy. [ 2.) Y ‘
] ¢
Freestreanm velocity, ft/sec’ : ' _ ‘
Chordwise distence from leading edge, ft
Slot position from lesding edge, f% N
Dimensionless chordwise position _ i
Slot vertical positicn, £t
Geometric angle of sttack, deg , “z
] Erfectiva_ugie of attack, deg | U ' ;




e Blede collective angle, deg >

ag Rotor shaft angle, deg

N il Dimensionless spanwise position on rotor blade, distance
R from center of hub

#

Rotor advance ratio, V_/V ip

A
i i
i3

6 Vertical displacement of cambered mean line )
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 SUMMARY

A relatively thick Circulation Control (CC) elliptic airfoil section
with thickness~to-chord ratio of 0,30 and 2 circular arc camber of 1.5
percent at the midchord was tested subsonically to determine its aerodynamic
properties as a midspan blade section on & blown helicopter rotor. The
tﬁo-dim@nsional tests established the section's abilily to generate the
required 1ift at low and negative incidence, Lift coefficients up to 6.5
were produced at moderate momentum coefficlent (Cu s 0.24), High drag of
the unblown bluff ellipse wes greatly reduced by the application of very
moderate blowing, and squivalent efficiencies of 47 (including power
required fér blowing) were generated at Cz & 1.9. The section's performance
wag found to be heavily influenced by upper snd lower aft surface flow

- separations, eePQCialiy_gm the larger positive and negetive angles of

attack, In}addition,:béth low Reynolds number and an increase in slot
height were detrimental to section 1lift capebility. Nevertheleas, the
abilify tdfbperate et high 1ift coefficients essentially independent of
éngla‘of attack, and with large 1lift sugmentation for relatively low
blowing, promises to provide en effective blede section for heavy 1ift
application, ‘ ' '




INTRODUCTION

Recent wind tunnel investigations on circulation control (CC) airfoils
employing tangential blowing over bluff trailing edges have demonstrated
tne very high 1ift potential of these profiles (References 1 through 6).
Due to the phenomenon known as the Coanda effect, the jet sheet remains
attached to the rounded trailing edge as a result of a balance between
centrifugel force and the suction produced on the surface by the Jet
velocity. Entrainment of the -gmper aft surface flow initially yields a
boundary layer control, but the principal efflect is produced by the move-
ment of the aft stagnation point to the underside of the airfoil. Coupled
with a corresponding movement of £he leading edge stagnation point, this
yields a large increase in effactive camber and circulation around the
airfoil, and thus very high lift augmentation at relatively low mass flcw
rates. The high 1ift augmentations available at negative local inflow
angles characteristic of rotor blades immediately suggest application to
rotary wing vehicles, In addition, lift obtained by mass flow variation
rather than be incidence change can eliminate mechanical cyclic blade
piteh and associated vibrations, Based on these expected benefits, a four-
bladed model circulation control rotor design and test were undertaken at
NSRDC. Blade design was based upon a thick elliptic CC section at the
root (subsonic charascteristics taken from Reference 2) and & cambered thin
CC evilipse at the tip (low speed data from Reference 3 and transonic data
from Reference 7). It was the purpose of the present tests to evaluate
the characteristics of a midspan blade section to effectively join these
extremes of the UC rotor blade,

DESIGN CONSIDERATIONS

Preliminary rotor flow field analyses were pexrformed on the proposed
£C rotor operaxing'at various sdvance ratios, shaft and collective angles,
thrust coefficlents, and spanwise blade loadings, Figure 1 shows sample
ranges of 1lift coefficient and effective incidence deff), where the
‘closed dotted curves vepresent a 36(° cyclic variation (one per rev)
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around the rotor azimuth at constant collective and shaft angles, The

solid curve represents the limiting boundary of Cz vs o based upon a

large semple of the dotted curves, It covers the rangeegg lifting
requirements which must be met by the blade section near midspan, Thus,
the section must be cepable of C .~ 6 at -5° S« off = 2, while still
yielding high Cy for aeff = -10° or less, For simplicity, the constraints
of linear variation in thickness, and no blade twist or taper were imposed
on the rotor design. This led to a thickness-to-chord ratio of 0.30 for
the present model at a spanwise position of N = 0,62, approximately midway
between the 50% thick ellipse at 7 = 0,10 and the 15% thick ellipse at

the tip (M = 1.0). Although extensive data for the 50- and 15-percent
thick ellipses were already available (References 2, 3, and 7), the
characteristics of these two sections were so different that an attempt

to extrap late between them for the midspan section data could be very
misleading, Tt was thus decided to construct and test the linearly pre-
scribed 30-percent thick ellipse for the 62-percent spen station,

The geometric characteristice of this 30% ellipse were determined from
potential flow pressure distributions at the required Cy and Tors for =
variety of camber and trailing edge radius values. Blowing slot locetion
and height were deteimined based on past test experience, snd inviscid
pressure distributions., (A more detailed discussion of the design procedure
for circulation control airfolis is given in References 8 and 9). As
stated in Raference 8, it is desirable from the standpoint of maintaining
strongly attached Coanda flow torpruvide'u slot height-to-redius ratio of
h/r %:0,05. In order to preduce effective “vanda turning and reduce high
suction peaks, & trailing edge radiug-to-chord ratio of 0,02 € v/c € 0,05
is sdvigable, These two perameters yleld approximately 0.0005 S h/c £ 0.0025.
Pigure 2 depicts the effects of trailing edge radius inereasc, showing the
associated increase in and forward movement of the trailing edge suction
peak. The position of this aft sucticn peak is important from the stand-
point of the adverse presshre gradient immedistely downstresm of it. To
be effective, the slot should be located just upstream of the adverse
gradient, ¢ as td prevent the separation tendencies produced by the
sudden wressure rise, Although & more forward slot location delays sestion
stall (dus to boundsry layer nontrol), it also reduces 1ift augmentat<on

3




since the jet sheet will have a reduced momentum by the time 1t reaches
the trailing edge. Aft suction peaks allow aft slot location, momentum

excess in the jet at the trailing edge, and high 1lift augmentations, To
produce these conditions, the pure elliptic trailing edge radius-to-chord

ratio (r/c = 0.045) was increased to 0.06 based on plots similar to Figure 2.

It was anticipated that this slight increase in r/c above the recommended
linit of 0.05 would provide additional Coanda effectiveness to assure high
1ift sugmentation., Figure 2 shows that this choice produces almost no
change in the location of the adverse pressure gradient, and only a slight
increase in the suction peak, As Figure 1 does not indicate the require-
ment for operation at large positive incidence, the aft slot location and
preference for uegative a were compatable, The choice of section camber
is also closely related to the reduction in leading and trailing edge
suction peaks, as an increase in camber wi:' generally reduce these peaks
“at col .ant Cz), spreading the upper surtace suction more heavily over
the eentral portion of the section., (At very high 1ift, suction peakJ can
praduce undesirable compressibility ¢ “ects,) For the present airfoil,
the amount of camber was determined by the characteristics of the proposed
tip section, As thias thin section was priwarily designed for transonic

operation (see Refevence 7), its trailing edge geometry was not the optiumm

f~r high 1ift on the retpeating side of the rotor azlwuth., This was
compenaated for by incorperation of 2.5% eircular arc cawber (i.e., 6/0 w
L095) to provide additional low speed lift, The linear camber variation
frem blade tip to uncamberel root thus requived the mid span 304 ellipse
gection to have approximately 1.hd pearcent cireular are camber,

- MODEL AND TEST APPARATUS

MODEL,

v ———

- pased on the design corsiderations of the previoug section, the
following geomstric and dimensionless parazeters were applied to an
analytically defined ¢llipse of 30 percent thickness-to-chord (minor-
touanorlnxis)-ratio: - | ' '
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chord ¢ = 5,99" <
thickness t =1.83" t/c = 0.3053
circular arc camber Spmax = 0.09" 6max/c = 0149
trailing edge radius r = 0,36" r/e = 0,0601
slot position Xy = 5.78"_ xs/c = 0,9640
Vg = 0.36" ys/c = ,0601
slot height h = 0,02" h/c = 0,00333
0.01" 0.00167 )
0,005" 0.00083

The 5,99~inch model chord length was based upon two considerations:

(1) keep relative thickness of the model small to prevent large tunnel
blockage, and (2) restrain chord length such that chord-to-tunnel height
ratio (c/ht) would be less than G.30 so that wall constraint (streamline
curvature) corrections would be small and could be accurately estimated
by existing techniques (References 10, 11 and 12).

Details of the model are shown in Figure 3. The section is constructed
of 0.25 inch fiberglass finished to 600 fineness, with the aft upper surface
formed by a contoured steel blade which also served as the upper bcundary
of the slot. The exit of the slot was contoured to be the minimum ares
throat of a smoothly converging nozzle, whose heigut was adjustable by
means of fine pitch screws, An undercut or bevel in the blade near tie
nozzle throat assured that the flow would exit from the slot as near
tangent to the surface as possible. (Failure to meet this tangency con-
dition can produce a loceal reglon of Jet detachment followed by re-sttach-
ment immediately downstream of the slot ~ this can be energy-absorbing if
the resulting bubble becomes large.) Additional construction details of
similar models are found in References 1, 2, 3 and 7.

TEST APPARATUS AND TECHNIQUE

The two-dimensional tests were conducted in the NSRDC 15 x 20-inch
subsonic tunnel with vented test section and plexiglass wells for flow
visualization. Test technique employed was identical to that used with
the two l5-percent thick ellipses of Refereace 3; and will thus only be
mentioned briefly. The nodel was pressure tapped at the centerspan for
determinetion of 1ift and pltching moment coeificlents, while a totel head

]
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wake rake was used for drag., 4s very high 1ift and severe adverse pressure
gradients were generated, strong three-dimensionslity and induced effects
were present in the uncorrected test conditions. These cowld virtusally
invaelidate all high 1ift results, and thus the addition of internsal
blowing plenums (tip jets) at the model-well junction was necessary to
energize the wall boundary layer and prevent its separation and the resulting
vortielity, These plenums and thelr use are thoroughly described in
References 3 and 6, while a detalled discussion of the many prdblems}
associzted with high-1ift 2-D testing and their solutions comprises the
main text of Reference 13. As some wall separations at the model nose

were not completely coatrolled by the plenums, reletively large flow fences
were installed on the model within 0.5 inches of the wall to prevent inter-
ference at the midspan measuring station. Spanwlse pressure taps and
cotton tufts were used to indicate the two-dimensionality of the flew,

Mass flow rote (m) was measured using an orifice plate which had been
calibrated for Reynolds number based on opening diameter, while jet
velocity (V 3) was calulated assuming an isentropic expansion fron m: asured
internal duct pressure to freestream static pressure, The non-dimensional
product of these two terms yielded ﬁhe mouentum coefficient

(@]
i
g &

(1)

DATA CORRECTIONS

Conventionel corrections (for example References 10 and 12) were.
spplied to measured freestream dynamic pressure to account for solid
blockege due to model thickness, Wut no wake blockege corrections were
epplied due to the verying effect of a«ne"mngentml Jet on wake size,
Care was given to measuring the frecstrean q-in the- test eeation, g lerge
disturbances propagated. upatream at high Lift and altexad tha q 68 measured
by the calibrated piezometer ring at the test & .tion entrance It way
found that the least affected veiue was obtained uaing the stat:{e preasm'e
tap located midway up the sidewall as far upstream {n the tsat aeetion a5
‘possible, The validity of the freestream dynanic presoure yi elded by use °
of this tap and 'corrgc.teg for solid blockagq_wae px*oven by the genemtion{_ ":-,'
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of Cp = 1,0 at the leading edge stegnation point, which is easily located
due to the smoothly distributed pressure over the bluff nose. Dynamie
pressure used to nondimensionalize drag was determined from static pressure
at the rake station, which was slightly different frcm the upstream value
due to the bouysncy effect (See Reference 13).
After using the corrected value of-q to determine the 1lift and moment
coefficients, these could be further corrected for tunnel wall constraint
(induced camber, i.e., 1ift interference) as follows, where subscript u .

denotes the uncorrected value:

5 )= + o.1687(cJzu + hcmzsu) (2)

- - o Cﬁ i C"
gy gy T T 7y OB G )

u

As thesa corréctions are‘valid to the secon& po&er of chord/tunnel height
only when cfh, € 0,30 and. were derived for thin unflapped airfoils, the
present model (c/ht = Q, 30) is 8 bﬂmder 1ine case, and thus the data pre-
-gented have not beeu ﬁorrected using them' The error introduced by using
the uncorrected Vé.luea 18 usbimﬁed %o ba smal.l (3 percent or less).

; Eurt:hemore, compai*iaon of m\merimemsa.l a\.e. ut.&th resul%a in uncoustrained




potential flow show negligible difference in the upper surface pressure
at the midchord, where induced ceamber influence should be noticeable if

present.

RESULTS AND DISCUSSION

Tests were conducted for three model slot heights over a geometric

i e . . N

incidence range of -3(° <= ageo S +&, a momentum coefficient range of
0< Cu < .24, and for dymamic pressures of 10, 20 and 40 psf. Test values
of momentum coefficients and jet velocities are presented in Figure 4 3 1

and 5 as functions of slot height, duet total pressure, and freestream

e

dynamic pressure, Upper limitations on Cu were determined from pressure
(structural) limlts in the model, impingement of the jet on the tunnel
floor, or trailing edge suction exceeding the operating renge of the
pressure transducers, Test dynamic pressure and Reynolds number were .
selected based on the results of Figure 6, in which test data for the
unblown ellipse is plotted over a range of Reymolds numbexrs from 200,000 ]
to 700,000, Leveling out of the lift end drag curves above R, = 550,000
was observed and a dynamic pressure of 4O 1b/f%A (Re ~ 570,000) was thus
chosen as the test value above which lift and drag no longer varied t

A e »

significantly with Reynolds number for C, = 0. This q velue and the 3 é
limitations listed above placed an upper limit on Cu of about 0.12. A '
second test q of 20 1b/ft® was thus chosen in order to extend the range x 1

of available Cu to about 0,24, A very limited number of points were run
gt q = 10 1b/ft? to obtaln the effects of very low Reynolds number,

LIFT

_-—Ehe sectional lift coefficients as determined from integration of midspan
pressure distributions (Cz a Cn CO8 @peq - c, sin “geo) are presented as
functions of blowing coefflcient at constant incidence, slot height and y
dynomlc pressure in Figures 7, 8 end 9, For the relatively low limiting 5%
value of momentum coefficient (¢, = .24), Lift coefficients as high as

6.5 were obtained for this mono-element airfoil, The initdal sharp rise £§
in thg Cy v Cu curve at low blowing is usually attributed to boundary ' | i
leyer control, while the gradusl reduction in curve clope at somewhst , ,5? _ :

e
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higher Cu indicates a transition to the phenomenon of supercirculation.
Even at the large negative inecidence of -30°, the increased circulation is
still uble to produce positive 1lift., Figure 10 shows that, of the three
slot heights tested, the smallest value (h = ,005 inch) yielded the best
1lifting performence at the same Cus degradation in 1ift coefficient with
increased slot helght is evident in this figure. For a constant Cu’ an
increase in slot height implies a decrease in jet veloclty over the
trailing edge (see Figure 5), and thus a decrease in jei kinetic energy .
(proportional to Vja). This reduced energy flux apparently reduced the
turning ability of the Coanda jet, Likewise, mixing of the larger jet .
with the upper surface boundary layer may result in energy losses and
adversely affect performance, The implication is that the smallest possible
Jet height should be most effective, yet there are limitations here also.
A smaller slot height implies increased jet veloeitles which could cause
choking in the throat and expansion to supersonic flow; the eventual
pressure rise from recompression of this supersonic flow may produce jet
detachment. In addition, boundary layer buildup in very small nozzles can
cause loss of performance (see Reference 3). Considering these tradeoffs
for the h = 0,005 inch configuration, the majority of the test data were
recorded for h = 0,01 inch, and thus this data comprises the remainder of
the report., In addition, as Figure 10 shows, the 0.,0L-inch height does
exhibit the greatest maximum efficiency (Z/de, to be discussed later) even {
though its net 1lift is less,

The curves of Figure 7 represent two values of dynemic pressure and
Reynolds nunber, The majority of the date (plain symbols) was run at
q = b0 Ib/ft3, R, ¥ 570,000 and V = 195 ft/sec. Howaver, as previously
mentioned, an upper €, limit of 0,12 was associsted with this condition :
due to Jet 1m@ingemant on the tmel floor and pressure differentisls exceeding
trangducer limits, Thus, additional points were run at half the dynamic N
pressure (q = 20 1b/ft?, v = 137 ft/seg, R, ¥ 407,000), which doubled the
limit on C; %o 0,24 for the same- duct pressure. As can be seen from the
points in the lower cg range of Figure 7, a Reynolds number effect 1is
present betweecn dynamic pressures of 20 and 40 1b/ftf-this is shown more
clearly in Figuxe-11,,vhere-the,liftﬁdggrndntion at very low Reynoids
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number is seen (This figure is a crossplot of Figure 7 and the low q data
of Figure 12 (g = 10 1lb/ft®, Re = 298,000, V = 96 ft/sec). Rather than
incorrectly extrapolating for Reynolds effects in Figure 7, smooth curves
were drawn through the data for q = 20 and 4O psf - they are thus somewhat
conservative at Cp > 0,12, since the actual C‘e ghould be greater than shown.

Figure 13 depicts the high 1ift augmentations delivered by the 0.01-
ac
inch slot configuration, where the parameter o is defined as the increase

in 1ift coefficient (above the unblown value) for a given amcunt of blowing
at constant incidence. With the exception of the large negative incidences
(-2 and -30°) and the & incidence, the data all fall within & relatively

narrow band, indicating nearly parallel Cy vs C, curves in Figure 7 - the

curves are offset from each other at Cu = 0 by tn amount of Cz due solely to
incidence., Within the range of Cu tested, no 1ift drop-off (Cu - stall)
occurred with incressing blowing at constant incidence (except at q = 10 1b/ft2
and high C“); it appears that considerably larger 1ift coefficients could
have been generated with additional increases in blowing had test conditions
allowed,
Further insight into the lifting capabilities of the thick blown airfoil

is provided by the experimental pressure distributions of Figures 14 and 15,
At zero incidence, supercirculation due to increased blowing produces the
characteristic "saddle-back" pressure distribution, The trailing edge
suction peak is produced by the higher velocities in the jet, while the
nose peak is a result of increased flow acceleration around the leading
adge due to the progressively aft movement of tha lower surface stagnation
point, Of interest is the lower aft surface pressure distribution, which
i5 initially separated, but returns to attached flow with blowing, and then
experiences a separation bubble at higher blowing. At large negative
incidence (Figure 15), the lower surface flow remains completely separated
at the 1ow§r blowing coefficients, but poaitive Cz is still generated
due to the Jet, The leading edge stagnation point, which is on the upper
gurface, moves forward as the circulstion increases due to blowing, and

“the lover surface finally reattaches, Again;ja lower surface separation

~ bubble 18 evident at the higher blowing rates. In both Figures 14 and 15,
‘a small local separation on thefupﬁer'aurface is seen in the jet immediately
downatrean of the slot, but apparently little net effect is produced.

LU




An interesting feature of tangential blowing over bluff trailing edges
of elliptic sections is the apparent ability to generate conditions closely
resembling inviscid flow. Figure 16 shows comparison between experiment
and theory for geometric incidence of 4 degrees, With no blowing, dis-
agreement occurs aft of mid-chord due to flow separation from the thick
= .1886 the jet has entrained sufficient flow
to cause reattachment, Agreement with the potential flow is quite good,
with two exceptions: the increased vélocity (and thus Cp) at the trailing

airfoil, However, for C

edge due to the jet, and the lower surface tralling edge separation caused

by the interaction of the jet and boundary layer., Neither of these condi-

tions are predictable by a simple inviscid method, The incremental 1ift

due t» additional upper surface suction caused by the Jet (Acijet) can

be approximsted empirically, and for wiseparated flow appears to be

independent of incidence as seen in Figure 17. The lower surface separation

is usually negligible in lift obtalned by pressure integration, and thus

the potential flow predictiqn corrected for Acﬂjet can be a very close

spproximation to the lifting capabilities of circulation control airfoils.,
Two additional items are necessary to complete the discussion of the

30 percent ellipse 1lifting charecteristics: the induced effects in the

experimental data caused by some spanwise non-uniformlty; and a large deficit

in the 1ift curve for & incidence in Figure 7. Relative to the induced

effects, 1t was found that, even though tip jet and flow fences were both

employed to agsure two-dimensionality across the model, the very high lift
coefficlents still caused tunnel wall toundary layer separation and the
resulting induced downwash (seo Reference 13), As s result, the model was

not operating at the geometric incidence, but at an effective incidence

(aeff) less than geometric, To determine what these effective angles were,
potentiel flow pressure distributions (adjusted for Acﬁjet) ware generated

for several incidences bracketing the gecmetric incidence et the corresponding

- s,

- AR

Cz. These curveg were then compared to the experimental pressure distributions
until the lower surface leading edge stagnation points coincided, which
“identified the correct effective incidence for each Cy;. These results are
plotted in Figure 18 for lines of constant geometric incidence., Plotted

also for comparison is data for the 20 percent thick CC ellipse of Refarw
‘ence 5, which had only smell fiow fences and uo tip jets to maintain

1
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two-dimensionality. The difference between the ageo = d’slopes for the

[y —

two tests indicates the improved effectiveness of the tip jet-large flow

fence combination of the present tests in controlling the induced effects,
It should be noted that these induced angles (“geo - aeff) mey still be
as muich as 5 degrees at the high C£ values, Figure 19 is a corrected plot
of Figure 7, showing CE generated at constant effective incidence; the
result for constant Cu’ is the generation of the same Cl at a reduced true

[a—

oot ettt

incidence, Figure 20 is a more conventional display of lifting ability, [
showing CL as a function of both “geo and Uorp for constant values of
momentum coefficient. The high 1lift avallable at large negative incidence g

A

is quite evident, while it isc appraent that the 1lift requirement originally
specified in Figure 1 can be obteined by the section,

In Figure 7, the large deviation at Ygeo = & (and geo b to a . !
lesser extent) from the family of curves is apparently due to upper surface
aft separation at positive incidence with low to moderate blowing (at CM ‘
> ,14, the curve returns to the same shape as the rest of the family of
curves), The same phenomenon was observed in References 2 and 5, with
the onsat apparently occurring at lower incidenca for thicker ellipses.
Data {rom Reference 2 indicates that the return to the expected curve 7
approaches a step furction in Cu, while Reference 5 mentions a hysteresis

effect with tufts showing intermittent separation and reattachment that

——

}
wes not repeatable., The experimentsl pressure distribution of Figure 21 ; ﬂ
closely matches the potential flow (corrected for ACL et) even over the af%
upper surface shead of the slot, and flow separation is only slightly ‘
apparent, Also shown in this Figure is the pressure dlstribution for the 1
"axpected" 1ift coefficient (dotted line in Figure 7). It is seen that ;I
the gredual increase in suction (due to flow entrainment) towards the slot
location for the "expected" distribution (see also Figure 1k high Lift cases) }
is not present in the experimentel distribution. This lack of flow extrain- ‘
nent avidently has a large effect on jet effectiveness; the meximum trailing i

- edge cuctic.. pesk of «4,8 (compered to -8.5 for the same CM = ,101 in R
Figure 14) indicates reduced Coands effect and thus less supercirculation :
and 1ift, However, Figurve 22 shows that with an increase }i_n blowing to ! : {
¢, = 42 at g & the flow entrainment ic re-established, the suction '

| peak riges to C) o «10.7 aad the expscted Lift is almost coupletely restored. 1
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total pressure measurements for the ageo

The entire phenomenon could obviously prove quite detrimental to higher
incidence operation of these thicker sections, especially in an unsteady
rotating environment., More investigation need be undertsken to understand
the flow mechanism involved if higher positive 1ift operation is ever

anticipated for rotor blades,

DRAG

Drag measurements were made with a wake rake employing 54 total head
probes and 8 static probes on a 15-inch high support located approximately
2 chords downstream of the model trailing edge., The momentum deficit
methods of both Betz and Jones (Reference 14) were modified to account
for the additional momentum of the jet as noted in References 1, 5 and 13.

The modified drag coefficient then becomes

a -C (6)

- — YE
as rake . Vj

This corrected drag coefficient is plotted in Figure 23 as a function
of blowing coefficient and geometric incidence., As expected, the drag
levels associsted with the unblown cases are high due to the large momentum
losses behind this thick bluff airfoil.
flow entrainment into the jet reduces flow separation and thus overall
drag, finally resulting in negative drag (a product of effective trhiuxt

recovery) for most of the incidences tested. Figure 24 presents sample

However, as blowing is increased,

= =20 case, where the effect
of blowing on reduction of the total head deficlt is quite clear. An
interesting "double" deficit appears for cu 0.0925, which corresponds
to the sudden spike in the drag curves for negative airfoil incidence in
Figure 23. Study of the model static pressure distribution rewsals a
distinet separation bubble which disappears with a slight increase in
blowing. A similar double hump appears in Figure 25 for the LI &
data in the vieinity of Cu = ,10, which‘corresponds to maximmm drag for
that incidence (Figure 23). The upper hump suggests (from its position
relative to the previoualcasea for lower Cu and from its nearness to the
airfoil vertical location) that it is the conventional momentum deficit

experienced behind a bluff bpdy,'aqcenxuated in this instance by the large

13
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amount of upper surface separation occurring on the section., The lower §

deficit seems to be indicative of a return to more effective operation

(i.e., greater jet deflection), which has been nearly attained by the

Cu = ,1418 case. 1In this latter data, the deficit is much lower in the 3
vertical plane relative to the ailrfoil, and is probably a more direct
result of mixing losses, as the Coanda turning is now greatly improved )
(see the 1ift data of Figure 7). The same trend may be true of Figure 2k .
as well, altliough upper surface separation preceeding this transition is ‘ .
not readily apparent. TIn practically all the data presented in Figure 23,

it is clear that mixing losses (between jet and freestream), and separ- i

ation (either upper surface, or a lower surface trailing edge region
just ahead of the jet detachment point) play an important role. A '
detailed discussion of these considerations can be found in Reference 5. !

Drag coefficient as a function of geometric incidence is presented
in Figure 26, where it is seen that the low drag region extends further 1
into the negative incidences than into the positive before a large
increase in drag occurs. This results from a larger favcrable pressure {
gradlent ahead of the jet, and thus avoidance of the upper surface separ- '
ation problems that arise for positive incidence.

(R

PTTCHING MOMENT

As has typically been the case with effective CC sections displaying (
gtrong Coanda attachment and turning, the suction peak generated by the *
jet at the trailing edge tends to produce negative pitching moments, -}
These are reduc.. in magnitude by resolution sbout the section midchord
instead of quarter-chord, as the midchord is likely to be the spar loca- {
tion on these thick helicopter blade sections. The slight camber of the
airfoil tends to redistribute the chordwise loading more towards the midchord,

[

thus reducing the nose suction peak which otherwise would have counteracted .‘
the jet suction peak and reduced the negative moments somewhat. Figure 27 _
presents the half-chord pitching moment ss a function of blowing rate for ?1
the 0.01-inch slot height. Practically all values are negative with the

axception of the separated flow values at Uyeo = &, , ;1

EQUIVALENT LIFT-DRAG RATIO
 Blown airfoil performance is best presented in terms of an equivalent 1}
1ift-drag ratio, L/de,_wherg-thgjeqpivalentrdxag tern in_the'denominator '




i

& takes into account the measured drag as well as associated energy expend-
&

ks itures required to produce the blowing. This allows direct comparison

5 with the efficiencies of unblown airfoils, and also avoids the unrealistic

generation of infinite efficiencies when the measured drag of a blown

airfoil becomes zero., In previous NSRDC reports (References 1, 2, 3, 6,

& 7, 8, 6 and 13), the equivalent drag has been derived from kinetic energy
' considerations of compressor power expended, and included an intake

% momentum flux:

s _ AKE .
@ e = Ypeas * T atime T W
% . (7)
nv,2 .
% = dpeas * v, * Moo
% or in coefficient form, nondimensionalized by gS:
v \/
o ¢, =C, +¢C —% +C = (8)
é 4 dg d W2V, K Vj
>% The same equivalent drag may be obtained from momentum considerations
b and the control volume of Figure 28, where
” dg = deriction * dpreesure * dpower tnput * 4 Momentun
. p (9)
W ’ comp MRTIY
= dppietion dpressure st WemVy
53 Drag as measured by a wake rake includes the first, second, and last
5 terms of the second expression, but, as noted previously and in Reference 1,
f% drag determined from the Jones or Betz momentum methods must be corrected

to account for the added mass flux supplied to the test section., Then

e

. > _
[s{e) ¢
d, = dmm + "V;EP' vy (10)

The compress.r power required to compress aix from inteke ram pressure
to Jet (plemum) total pressure is (from Appendix B of Reference 15):

15
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If intake losses are assumed negligible, the ram pressure is identical
to freestream total pressure, and thus, for ¥ = L.k,

=P (1+ o.elvx%a)3'5

0

For subsonic flows with M < C.2, P =~ P_ and equation (11) becomes

ram

Poomp Lmv §

which when substituted into (10) gives (7) and thus (8). The assumption
of no intake losses reduces the power required since the pressure differ-
ential across the compressor is lower (Pram is higher), while the small
Mach number assumption does the reverse, As these two factors tend to

be selfcancelling, it is concluded that equation (8) is sufficient to
define an equivalent drsg coefficient which is & fair basis for comparison
to conventional airfoil efficiency,

An examination of the individual terms of the equivalent drag coefficient
indicates that the measured drag is a relatively small or even negative
eontribution (see Figure 29). The key to obtaining high equivalent 1ift-
dreg ratios is appraently high 1ift augmentation (i.e., lift generation
with ninimum Cu) which reduces the second and third terms for a given Cz.
The second temm, a function of (VJ/V;)a, begins to dominate repidly for
all but the lowest values of Cu‘ As can be seen in Figure 30, maxiuum
efficiencies of approximstely 47 occur at low incidence between 2 and 4
degrees and at Cy v 1.9, This wvalue i8 roughly twice that of the lift
coefficient corresponding to maxinum z/a for conventional rotor blade
sections. PFigure 31 presents blown ellipse maximum lift coefficient as
a function of geometric and effective incidence and Figure 32 summarizes
maximum efflciencies produced by variation in Cu at a given incidence,
Whereas there is a definite pesk in the z/ae curve between 2 and 4 degrees

geometric'incidgnce; a limit in ¢,  has apparently not been 2eached
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~ into the jet at higher positive angle of attack was responsible for vory

'*o<c @ b,

over the range of variables tested; increases in Cu beyond 0,24 or ageo
above 8 degrees should yield greater values, even though corresponding

efficiencies will be quite low,
Reference should again be made to Figure 10, where the peek value of
Jl,/niem&x from Figure 32 for h = 0,01 inch is plotted with corresponding
values for h = 0,005 and 0,02 inch, It is seen that the 0,01 inch slot
is 9 or 10 percent higher. The 0.005-inch configuration, even though
it experiences somewhat greater 1ift, requires a grester jet velocitvy for
the same C thus inflating the (vj/v )3 term in C, and reducing z/ée . .
The 0,02~ inch slot suffers from reduced 1lift augmen%&tion and also max
generstes larger drag due to increased mixing losses of the thicker jet.

Thus the majority of the data presented in this report ceorresponds to the
most ¢ “icient of the slot heights examined, h = 0.0l-inch.

ZONCLUSIONS AND RECOMMENDATIONS

Subsonic two-dimensional tests conducted on the 30 percent thick
¢irculation control ellipse indicated that this intended midspan section

of the initial NSRDC CC rotor was able to obtain the lift requirements
predicted over the entire range of blade operation. Experimental data
obtained for variation -f incidence, momentum coefficient, slot height,

and Reynolds number ylelded the following conclusions:

e The saction was able to generate Lift ~oefficients as high as 6.9
for ¢ £ 0.2k, due primarily te the aft slot location and lerge trailing
edge iadius, which produced 1ift augrentstions greater than 70. Relatively
high C values of from 2 to 4 vere generated at large negative incidence
of -20 %o -30 degrees, but some lower surface separation was apparent.

o Initisl (unblown) high drag levels on the bluff ellipse were easily
reduced with relatively small smounts of blowing, but drag properties were
heavily influenced by mixing losses aud by upper and lower aft surface

fiow saﬁaratiens “2 bubbles,
s An apparent upper surface separation and loss of flow entrainment

large 1ift lcsses and drag rise in. the low to intermediate blowlng range,




e Both low Reynolds number and an increase in slot height-to-chord

ratio were found to have detrimental effects on section 1ift capability.
¢ Maximum section equivalent efficiencies (lift-drag ratios) of L7
were generated at low incidence and C£ ¥ 1.9, roughly twice the Cz

corresponding to conventional unblown blade section maximmm L/d.

Recommendations for future work on thick, cambered CC sections would
include:

e Investigation of upper surface flow phenomenon producing large 1ift
degradation at positive incidence,

e Modification of aft lower surface to prevent boundary layer
separation and separation bubbles, which apparently degrade both 1lift
augmentation and drag,

¢ Testing at higher Reynolds number to identify the effects at
higher blowing rates and on local flow separations.

e Testing of related thick configurations with increased camber and

variation in slot location to inprove section efficiency.
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ERRATA for
NSRDC Technical Note AL-201

page 15 - line immediately preceding equation (8), should read
", .. nondimensionalized by qc" - (gS is used only in experimental

determination of Cu>

page 23, Figure 2 - curve identification, both figures, should be
.100
075
.060

LO0L5

page 28, Pigure 7 - symbol identification would be: @ Yo

O

page 53, Figure 32 - vertical axis label should be 4/de e

page 31, Figure 10 - The label C},L = 0,10 does not refer to the z/delmax
curve, but rather to a curve which was omitted (and should run through the

0.10 label and parallel to the C, = .075 curve), The z/delmax curve does

nol correspond to a constant value of qx.




