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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-hladed 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 lift 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 result«. 
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INTRODUCTION 

The feaalblllty of operating a helicopter rotor at advance- ratios 

greater than 1.0 has been considered by several investigators.  Tests have 

been run on very lightly loaded conventional rotors up to advance ratios of 

1.1*5 (Reference 1) and shown to yield rotor equivalent lift-drag ratios as 

high as 13.0. Other investigators have proposed the use of bisyrjr.etric air- 

foil sections on both rigid and flapping rotors to obtain high efficiencies. 

Unfortunately, conventional rotors operating at high advance ratios (^ > 1.0) 

suffer from a myriad of dynamic and aeroelaatic problems and incur severe 

design compromises to permit transistion through the intermediate advance 

ratio range (0.5 s ^ s 1.0). Furthermore, rotors generally increase greatly 

in both weight and cocplexlty as the design advance ratio increases. These 

problems are brought about primarily by the dependence of the airfoil section 

lift on azimuthal velocity and angle of attack. 

An alternative approach is to develop lift 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 flap, 'nie Jet flap ejects a thin 

Jet sheet from beneath the trailing edge and exhibits the characteristic that 

the lift coefficient varies essentially in proportion to the square root of 

the momentum coefficient. Therefore, by cyclically varying the blade duct 

■prtiuauru  (licnco tho ntaoo flow), the lirt can bo controlled to IU'IAIUCU i-oi.ur 

forces and moments. A.  second feature of the Jet flap is that most of the 

momentum flux used to create lift can be recovered as thrust and a final 

feature is the alleviation of many aeroelastic and dynamic constraints due 

to the removal of cyclic pitch hinges. 
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When applied to a rotor system operating at ad ranee ratios greater 

than 1.0, the Jet flap Is utilised In both leading and trailing edge Which 

are alternately blown depending on the direction of the relativ« wind. 

Such a scheme waa 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) •    ihe rotor was 

actually designed for use as a stoppable rotor concept. Which «hen 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 coefficients 

were as much as 100 times normal helicopter requlrenents.    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 Where a high speed helicopter might operate.    The 

study has been motivated by the availability of the Lockheed six-foot 

diameter Jet flap rotor model and by separate studies of circulation control 

using tangential blowing on elliptical airfoils.    These latter studies have 

indicated that extremely high rotor efficients are possible at advance 

ratios 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  (^ > 1).    The rotor will therefore be 

reteated at low G^/o to demonstrate the high aerodynamic 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 (T/S ■ 3,  10,  13) 

are shown and at each disc loading two cases are considered:     (1) rotor 

slowing at a constant forward velocity of 30O ft/sec and,  (2) rotor slowing 

at constant advancing tip. Mach number of M - O.806.    The first case 

represents a more stringent requirement on the hlade as it requires higher 

section lift coefficient on the retreating blade.    The present study 

considers operation above \j, • 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 pi » 2.0, T/s = 10 lb/fta 

the value of CL, is 0.0h65.    Assuming a model test condition of 100 ft/sec 

rotor tip speed (200 ft/sec tunnel speed for y. = 2.0) the corresponding 

disc loading is 'i'/s m 1.0, or about 27 pounds of thrust on the six foot 

diameter 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 detail idilcfa successfully correlated the Jet flap model rotor 

performance at very high thrust coefficient  (nwuclimim CT = 1.32).    In 

general, the agreement between theory and experiment was quite good. 

However, only coopressor 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: 

C. - 0.001 <f  -  0.005 e» + 0.015 - 0.8 C 
d l* 

The last term in this equation indicates that 80 percent of the Jet momen- 

tum 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 ko degrees, nie 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 simultaneous 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, despite 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 spanwlse velocity, nils would tend to underestimate the rotor 

drag force at the very high advance ratios considered. 

E«UIVAI£NT LIFT-DRAG RATIO 

The resultant 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 by: 

D e - (HPc + HP ♦ ffl^) x 550/V,, + Dr 



Doth partial (baaed only on lO^ + HP    + HP ),  and total  (all terms) 

equivalent lift-drag ratios have been  calculated for two  freectream 

velocities for the  six foot model rotor described In Reference 3.     The 

dlmensionless results are, of course,  equally valid for a full-scale rctor. 

The variation of total equivalent rotor lift-drag ratio Is  shov/n 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- 

slble Mach number reuige 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/De with p. 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 a high aspect ratio wing with its inherent high efficiency. 

Figure k 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/D    SO that any reduction of. In-plane 

drag would produce a sufficient performance improvement.    Of additional 

interest. Figure If (a),  is the autorotative region where the rotor develops 

zero or negative shaft torque.    Due to the extreme sensitivity of the 

autorotatlon 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 ouch 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 vor: atlon of L/D with advance ratio for constant model thrust.  The 
' e 

variation of efficiency at constant thrust by varying freestream velocity 

can be noted from these curves. 

MODEL ROTOR OPERATING CURVES 

The remaining curves are presented as a guide 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 C-, of 0.10. It can be noted that the rotor will autorotate at 130 

ft/sec but not at 200 ft/sec. The relation between drive motor torque and 

rotor torque is: 

Uuing the- working curves of Figure 9 the drive motor and pulley rutiu CUM 

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 various 

advancing blade pressures  and for retreating to advancing blade pressure 

ratio. 

These values  are determined for a rotor roll trin- condition with 

the advancing blade slot generally   unchoked and the retreating blt^de 

choked. 

Figures 13 and Ik 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- 

ficient.     The procedure for setting these test conditions requires a manual 

reading and/or adjustment of freestream velocity, rotor RFM,  advancing and 

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

tunnel operators will (l) bring the rotor RFM 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 (h)  adjust 

the retreating blade 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 also 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  section 

characteristics,   and  (2)  the azimuthai 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 k.     The  "Rounded Ellipse"   and 

"Pure Ell-"pse"  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 efficiency are possible using the 

tangential blowing method. 

The azimuthai loading can also be greatly improved by changing the 

present  square wave pressure input to a harmonic Input of the  form: 

P    = PT(1 +  »i   sin ♦ + bj   cos ♦ + 88  sina  V + ba  cos3   ^ +   ,..). 

The  simultaneous leading and trailing 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 investigatee?   in the 

|ir<'i',i'iil.   fiLmly.       Ilwwcjvirr,   ulmllar   uludlou   Of   clrcultiLion   c:tjiiLi-«j_   ruLor:: 

indicate that  significant  increases  in rotor L/D-  are possible with approxi- 

mately i'ive degrees of rearward inclination.     In this case the rotor can 

operate  in a near autorotative mode. 

Aviation  and  Surface  Effects  Department 
.".'aval Ship Research and Development Center 
Washington,   D.   C.     2003'+ 
December 1970 
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Figure 5 “ Equivalent Total Lirt/Drag Ratio Versus 

Rotor Advance Ratio

(a) = 130 ft/sec
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Figure 10 • Totel Cocpressor Horeepower Versus Thnu.^

Coefficient 

(*) V« - 130 ft/sec
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Figure 15 - Total Rotor Thrust Versus Thrust Coefficient 
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Table X -  Range of Variables for Proposed Test 

Variable Testing Ranee 

v. 130 and 200 ft/sec 

k* 1.0,  1.5,   and 2.0 

cT 0 to 0.10 

N 200 to 650 RPM 

T» 0 to 120 lbs. 

v 0 to 2.2 Ibm/sec 

V l.k.7 to 18 psia 

PR* 11*. 7 to 50 psia 

V -30 to +120 in-lbs. 

HPC* -.2 to 1.5 

«Estimated values within ± 20^ 

ho 


