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SUMMARY

The theoretical performance of a jet flap rotor at advance ratios
greater than 1.0 is examined. The rotor is four-bladed with purely ellip-
tical airfoils of fifteen percent thickness ratio. Each airfoil has two
plenum chambers which supply air to slots located beneath the leading and
trailing edges, respectively. The rotor operates in cruise at advance
ratios greater than unity so that the retreating blade is immersed in
reverse flow, The 1lift and moments are controlled by ejecting a jet sheet
out of the trailing edge on the advancing side of the azimuth and both the
leading and trailing edge on the retreating side of the azimuth.

Standard blade element theory is used to calculate jet flap rotor
performance at thrust coefficients representative of an actual full-scale
rotor operation. It is shown that good performance can be obtained using
the jet flap and that substantially better performance can be achieved
using A circulation control airfoil with tangential blowing over a rounded
trailing edge.

Detailed calculations are presented for a model jet flap rotor
to be wind tunnel tested at low thrust coefficients for validation with

the above results.
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A slot area, 0.5192 in® (all bladus)
(o] a section drag coefficient
c rotor thrust coefficient, — 2
T > R (aR)?
c“ section momentum coefficient
a section arag, lbs/ft
x
D, equivalent drag, Hps X 550 D,, 1bs
L_J
Dr rotoxr drag, lbs
HP total compressor horsepower required to supply the total
& mass flow in the rotor
HP' rotor shaft horsepower
HP 1 rotor induced horsepower
HPP rotor profile horsepower
L total rotor 1lift, lobs
2 section 1ift, lbs/ft
(L/Dg),, equivalent total 1ift to drag ratio
(L/p.) equivalent partial lift to drag ratio, i.e., not
ep including rotor drag
advancing tip Mach number
M. freestream Mach number
mT total mass flow required througu rotor, (lbs/sec)
ig mass flow per slot, (1lbs/sec)
N rotoxr rpm

]

drive motor rpm
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tunnel freestream velocity, ft/sec
isentropic jet velocity, ft/sec
rotor tip velocity, ft/sec
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density of air, slugs/ft®
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INTRODUCTION

The feasibility of operating a helicopter rotor at advance ralicc
greater than 1.0 has been considered by ceveral investigators. <Tectc have
been run on very lightly loaded conventional rotors up to advance ratios of
1.45 (Reference 1) and shown to yield rotor equivalent lift-drag ratioc as
high as 13,0, Other investigators have proposed the use of bisyrmetric air-
foil sections on both rigid and flapping rotors to obtain high efficiencies.
Unfortunately, conventional rotors operating at high advance ratios (b > 1.0)
suffer from & myriad of dynamic and aercelastic problems and incur severe
design campromises to permit transistion through the intermediate advance
ratio range (0.5 < 4 < 1.0). Furthermore, rotors generally increase greatly
in both weight and corplexity as the design advance ratio increases. These
problens are brought about primarily by the dependence of the airfoil section
1ift on azimuthel velocity and angle of attack.

An alternative approach is to develop 1lift essentially independently
of incidence and azimuthal velocity by using a method of circulation control
such as suction or blowing. This report discusses the characteristic of a
rotor with a blowing system called pure jet fiap. The Jjet flap ejects a thin
Jet sheet from beneath the tralling edge and exhiblts the characteristic that
the 1lift coefficient varies essentially in proportion to the square root of
the momentum coefficient. Therefore, by cyclically varying the blade duct
presosure (henee tho mass 1low), Lhoe 1ift can boe controlled Lo pruduce roblor
forces and momentas. A second feature of the jet flap is that most of the
momentum flux used to create 1lift can be recovered as thrust and a final
feature is the alleviation of many aercelastic and dynamic constraints due
to the removal of cyclic pitch hinges.



When applied to a rotor system operating at adrance ratios greater
than 1.0, the jet flap is utilized in both leading and trailing edge which
are alternately blown depending on the direction of the relative wind.

Such a scheme was first proposed in a patent by Theodore von Karman
and Yuan (Reference 2). Subsequently, a rotor model has been built and
tested by the Lockheed Aircraft Corporation (Reference 3). The rotor was
actually designed for use as a stoppable rotor concept, which when stopped,
folded the blades back to a swept airplane-like configuration. The jet flap
was incorporated primarily to provide control during the rotor stopping and
starting phases of flight. These conditions corresponded to extremely high
rotor disc loadings at very low tip speeds so that the thrust coefficlents
were as much as 100 times normal helicopter requirements. The results of
the Lockheed tests showed that rotor controllability could be maintained but
that rotor power was quite high -

The present ctudy is an analytical extension of the jet flap rotor to
low thrust coefficients wvhere a high speed helicopter might operate. The
study has been motivated by the svailability of the Lockheed six-foot
diameter jet flep rotor model and by separate studies of circulation control
using tangential blowing on elliptical airfoils. These latter studies have
indicated that extremely high rotoxr efficients are possible at advance
retios greater than 1.0. Although the jet flap rotor does not appear to be
nearly as efficient as the circulation control rotor, it is nevertheless
a worthwhile and convenient tool for investigating general blown rotor
behavior at the high advance ratios (u > 1). The rotor will therefore be
retested at low Cp/o to demonstrate the high asrcdynamic efficiencies
predicted by theory.



THRUST COEFFICIENT RANGE

Figure 1 shows the variation of rotor thrust coefficient with
advance ratio for a full scale rotor. Three disc loadings (1/s = 5, 10, 15)
are shown and at each disc loading two cases are considered: (1) rotor
slowing at a constant forward velocity of 300 ﬁ'./sec and, (2) rotor slowing
at constent sdvancing tip.Mach number of M = 0.806. The first case
represents a more stringent requirement on the blade as it requires higher
section 1ift coefficient on the retreating blade. The present study
considers operation above y = 1.0 only.

To convert to a model scale with lower freestream and tip speeds,
Figure 2 is used., For example, from Figure 1 for u = 2.0, T/S = 10 1b/ft?
the value of G, is 0.0465. Assuming a model test condition of 100 ft/sec
rotor tip speed (200 ft/sec tunnel speed for p = 2.0) the corresponding
disc loading is 7/5 ~ 1.0, or about 27 pounds of thrust on the six foot
disneter model rotor.

PERFORMANCE CALCULATION

Standard rotor strip analysis was employed to calculate the low
thrust coefficient rotor performance. Reference 1 describes a similar
analysis in detall which successfully correlated the jet flap model rotor
performance at very high thrust coefficient (maximum Cp = 1.32). 1In
general, the agreement between theory and experiment was quite good.
However, only compressor power was calculated as no section drag data
was available.

The present analysis additionally includes computations of induced
and profile power and also calculates the rotor in-plane drag. The section



drag data is calcuated from a curve fit of experimental data on a 15

percent jet flap, Reference 3. The approximate equation is:

Cy = 0.001 o® - 0,005 a + 0.015 - 0.8 cu

The last term in this equation indicates that 80 percent of the jet momen-
tun flux was recovered as thrust., It should be noted that the design jet
exit angle of the model was 30 degrees as opposed to the rotor section
design exit angle of LO degrees. The latter also appeared to have encoun-
tered some upper surface separation near the trailing edge which may have
caused a large reduction in thrust recovery. The simltaneous blowing on
the retreating blade was assumed to have no effect on drag although it can
be shown that ideally most of the leading edge momentum flux will be
recovered as thrust, deaspite the jet issuing forward. These considerations
caused some doubt as to the validity of the drag equation, but it is felt
that it still gives approximate characteristics.

The rotor in-plane drag was computed using the standard rotor assump-
tion of zero spanwise velocity. This would tend to underestimate the rotor

drag force at the very high advance ratios considered.

EQUIVALENT LIFT-DRAG RATIO
The resmultant power and rotor drag calculation (all at zero shaft
angle) were then expressed as an equivalent lift-drag ratio. This parameter
is a direct indication of efficiency of a lifting system where the equivalent

drag is given bdby:

Dy = (HP, + HP + HP,) x 550/V, + D



Both partial (based only on HP, + }{Pp + H:Pc), and total (21l terms)
~equivalent lift-drag ratios have been calculated for two freestream
velocities for the six foot model rotor described in Reference 3. The
dimensionless results are, of course, equally valid for a full-scale rotor.

The variation of total equivalent rotor lift-drag ratio is shown in
Figure 3. It may be seen that an optimum L/De exists at the low thrust
coefficient and that this value also increases with advance ratio. It
can also be noted that the curves for V_, = 130 and 200 feet per second are
identical, Figures 3 (a) and 3 (b). This is due primarily to the imcompres-
sible Mach number range in which the model rotor operates, At high advancing
tip Mach numbers some degradation in performance would be expected although
this could be offset substantially by the favorable high Mach number
behavior of a jet flap.

Figure 3 (c) presents the rotor behavior at 200 ft/sec for various
levels of model rotor thrust. The rapid increase in L/D, with . shows that
even this relatively crude high advance ratio blown rotor would be capable
of good performance. As advance ratio increases further the rotor essentially
approaches & high aspect ratio wing with its inherent high efficiency.

Figure 4 presents the variation of partial equivalent lift-drag

~ ratio (in-plane drag not included). In general, these values are approxi-
mately twice those of the total L/De s0 that any reduction of. in-plane

drag would produce & sufficient performance improvement. Of additional
interest, Figure 4 (a), is the autorotative region where the rotor develops
zero or negative shaft torque. Due to the extreme sensitivity of the
autorotation mode to section profile drag and shaft angle, this region should

be regarded as tentative only. Although the present results indicate



that such operation may not be economical, it should be studied further
before drawing a final conclusion. In actual practice it may be possible
to select the solidity, shaft angle and section characteristics such that
the full-scale rotor can autorotate at the design condition.

Figures 5 and 6 present cross plots of the previous data to show
the vaxr ation of L/De with advance ratioc for constant model thrust. The
variation of efficlency at constant thrust by varying freestream velocity

can be noted from these curves.

MODEL ROTOR OPERAII‘ING.CURVES

The remaining curves are presented as a gulde to the model rotor
behavior and for determining the drive system and instrumentation require-
ments., The data presented here has been computed for advance ratios up to
2.0 and zero shaft angle. Additional investigations of higher advance
ratios and positive (rearward) shaft angles would be of interest also.

Figures 7 and 8 show the variation of shaft torque and shaft power
up to a Ce of 0.10. It can be noted that the rotor will autorotate at 130
f't/sec but not at 200 ft/sec. The relation between drive motor torque and

rotor torque is:

N
U=a %
Uslng the working curves of I'igurc 9 the drive motor and pulley ratio cun
be determined.
Figure 10 shows the variation in the adiabatic compressor power (or
alternatively kinetic energy flux of the jet). In general, for the jet flap

rotor this term dominates the partial equivalent lift drag ratio. It is
approximately equal in magnitude to the rotor in-plane power.

6



Figures 11 and 12 show the variation of rotor thrust for vuriouc
advancing blade pressures and for retreating to advancing blede precsure
ratio,

These values are determined for a rotor roll trim condition with
the advancing blade slot generally unchoked and the retreating btlude
choked.,

Figures 13 and 14 show the mass flow variation with blade pressure
and thrust coefficient, respectively.

Figure 15 is a working curve for use in interpreting the

previous data.

MODEL ROTOR TEST PROCEDURE
Each data point taken while running the wind-tunnel test will be
for a set freestream velocity, rotor advance ratio and rotor thrust coef-
ficlent. The procedure for setting these test conditions requires a manual
reading a.nd/or adjustment of freestream velocity, rotor RPM, advancing and

retreating blade plenum pressure, and rotor roll force. In general, the

tunnel operators will (1) bring the rotor RPM up to the value corre-
sponding to the rotor advance ratio desired, (2) set the freestream tunnel
velocity, (3) set the advancing blade pressure to the prescribed value in
order to set approximately the desired thrust coefficient, and (4) adjust
the retreating blede pressure for zero roll force. The pressure adjust-
ment must be made while holding a constant rpm. The procedure will be
repeated through a range of thrust coefficients, advance ratios and free-
stream velocity, in that order. The following table shows the range of
test variables needed to verify the analysis in this report. It is
recommended that a range of shaft inclination angles alsoc be run,

7



IMPROVEMENT OF PERFORMANCE

The overall rotor aerodynamic performance for any given flight
condition is primarily dependent on two factors, (1) the airfoil cection
characteristics, and (2) the azimuthal loading (blowing) distribution. It
is also dependent to a lesser degree on slot distribution, solidity, plan-
form and twist.

The airfoil section characteristics can be greatly improved by the
use of tangential blowing rather than pure jet flap blowing. Figure 16
shows a comparison of maximum section equivalent lift-drag ratios for
three 15 percent ellipses from Reference 4. The "Rounded Ellipse" and
"Pure Ellfpse" have tangential blowing while the "Jet Flap" is a pure
jet flap exiting at a 30 degree angle beneath the chord line. It can be
seen that very large improvements in efficlency are possible using the
tangential blowing method.

The azimuthal loading can also be greatly lmproved by changing the
present square wave pressure input to a harmonic input of the form:

Pp = PT(l + 8 sin y+ b, cos y + a, sin® y + by cos® y + ...).
The simultaneous leading and tralling edge blowing on the retreating side
of the azimuth should be removed. These two changes will greatly reduce
compressor power requirements.

The effect of rotor attitude has not been investigated in the
present. abudy, llowever, cinllar studices ol elreulalion conbroo rolor:s:
indicate that significant increases in rotor L/De are possible with approxi-
mately rive degrees of rearward inclination. In this case the rotor can
operate in a near autorotative mode.

Aviation and Surface Effects Department
~aval Jhip Research and Development Center
Washington, D. C. 20034

December 1970
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Table 1 - Range of Variables for Proposed Test

Variable Testing Range
Vo 130 and 200 ft/sec
W 1.0, 1.5, and 2.0
Cop 0 to 0.10
N 200 to 650 RPM
T* 0O to 120 1lbs.
mp* O to 2.2 1lbm/sec
P,* 14.7 to 18 psia
Pp* 14.7 to 50 psia
Qs* =30 to +120 in-1bs.
HP_* -.2 to 1.5

*Estimated values within = 20%




