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SYMBOLS

Reference area, ft8
Number of blades

Chord length, ft

Section drag coefficient

Section 1ift coefficient

Rotor lift coefficient, L/°V&PS
Rotor power coefficient, P/oVTPS
Rotor thrust coefficient, T/OVT?S

Mass flow coefficient ﬁ/DVTS

Momentum coefficient, ﬁvj/qA
Drag, 1b
Diameter, ft

P

Fquivalent rotor drag, Eg - X, b

Gravity acceleration, 32.17 ft/sec?
Rotor in-plane force, 1b

Slot height, ft

Rotor 1lift, 1lb

Mach number

Mass flow rate, slugs/sec

Power, ft-1b/sec

Blade root pressure variation, psfa
Blade radial pressure variation, psfa
Atmospheric pressure, psfa

Dynamic pressure, 4,Ve?
Radius, ft
Reynolds number based on chord

Gas constant, 53.3 rt/°R
Local blade radius, ft
Airfoil trailing edge radius, ft
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Subscripts

Rotor disc area, ft®
Rotor thrust, 1b
Atmospheric temperature, °r

Airfoil thickness/chord ratio
Blade tip speed, ft/sec

Free stream velocity, ft/sec
Jet velocity, ft/sec

Weight, 1b

Rotor propulsive force, lb
Dimensionless radius, r/R
l.ocal chord station, ft

Dimensionless chord
GREEK SYMBOLS

Angle of attack, deg

Ratio of specific heats, (1.4)
Section camber

Compressor efficiency

Collective pitch, deg
Blade twist, deg
Advance ratio , V /V

o T
Dimensionless radius, r/R
Density, slugs/ft’

eb ;¢
N == (&)
Rotor solidity, (D‘

Induced angle, deg

Azirmuthal angle, deg
Rotational speed, rad/sec

Atmospheric conditions
Compressor
Duct
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Equivalent or effective
Root

Shaft

Tctal

Tip

Tip path plane
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SUMMARY

A Circulation Control Rotor (CCR) has been designed for application
to existing, conventional speed helicopters of the 5C00 to 10000 pound
weight class. A design methodology is shown which tends to minimize rotor
induced power in hover while operating at near maximum airfoil section
efficiency. The particular design was constrained by conventional disc
loadings and blade tip speeds to be consistent with available helicopter
engine/transmission combinations. The design is near optimum within
these constraints and current available data. Circulation control airfoil
and slot geometry design considerations are shown. Tip speed, solidity
and disc loading were varied to show performance sensitivity to those
parameters and to define the conditions of best overall rotor aerodynamic
efficiency. The conetrained CCR design was found to operate best at a
thrust coefficient/solidity ratio around 0.12. At this condition hover
Figure of Merit improved with increased disc loading, while cruise
aerodynamic efficiency was relatively insensitive to disc loading changes.
Overall performance exceeded or was equal to that of conventional rotor
systems for the same weight class vehicle.
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INTRODUCTION

Research and development in Circulation Control (CC) airfoils and
their application to helicopter rotors has led %o a U,S. Navy program
with the objective of developing a full scale flight demonstrator
prototype of a Circulation Control Rotor(CCR). The initial development
of efficient circulation control airfoils through analytical ard
experimental methods resulted in the design of a 6.7 foot diameter
Higrher Harmonic Circulation Control (HHCC) rotor model. The successful
performance of this model and its radically simplified control system
provided conciderable data in both hover and forward flight. Both the
HHCC rotor data and subsequent two-dimensional airfoil data have evolved
a general CCR performance prediction routine which has been correlated
with test results.

This stvdy has utilized the above routine and current available
data to design, within certain boundaries, a near optimum performance
CCR for application to the flight demonstration program. Rotor design
was constrained by existing airframe/engine availability to allow a
retrofit with minimum modification. Within these constraints, several
parameters were examined to establish a rotor design which would yield
the best performance combination in hover and forward flight. Parameters
included airfoil sections rotor solidity, disc loading, hlade tvist and
taper, tip speed, number of blades, and slot height considerations.,

Basic differences in CC airfoil performance and that of
corventional airfoils dictate that CC secticns operate at higher values
of C, (around 1.L) for best efficiency. The main impact of this is to
require CCR operation at higher CTﬁa than conventional rotor systems for
comparable performance. However, existing airframe/engine combinations
reflect conventional rotor disc loadings, conventional dblade tip speeds,
and hence conventional rotor thruet coefficients., Consequently, with

these design restrictions imposed, the rotor design in this study does
no* reflect limits on CCR in general, but rather a near optirum design
for a moderate speed retrofitted vehicle,

Several studies have been conducted, Reference 1 to 7, which
describe background information and general operation of CC airfoils.

i
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References 8 to 12 are earlier analyses of CCR performance for a /
selected blade configuration. The present study is a comprehensive

effort to trade-off all major parameters in the design of a moderate

speed, prototype CCR system. A 6.7 foot diameter model of the present

rotor design is to be fabricated and evaluated.

METHODOLOGY

DESIGN CONSTRAINTS

The full scale prototype vehicle has been limited to the 5000 t»o
10000 pound gross weight category. A review of candidate vehicle
characteristics is shown in Table 1. For any given vehicle bnth disc
loadin;t and tip speed are constrained by the irstalled power plant(s' and
transmission combination. Blade radius is also constrained by main rotor
to tail rotor clearance requirements. Maximum cruice velncity is limited
by airframe structures and vibrations. From the above considerations a
set of representative values was chosen to design arouni, and is
identified in Table 1 as the "Design Point". GSelection of such a point
within a relatively narrow range of vehicles does not nffect the resultr
of conparative trade-offs (airfoil sections, twist, ani taper . The
quantitative non-dimevnsional rotur performance has been calculatel over
# ringe of disc loadings for several tip speeds whio: allows some scaling
of performance predictions to vehicles around the "Lesi,sn Foint”,
“ertauinly specitic rotor parameters must be used for performance
calculations on a selected vehicle,

As shown in Figure 1 the CCR design rust operate at hirsher than
canventisnal /s for best hover performance. Since disc loaliny, tip
speed, nnd hbnéc CT‘ arc essentially rixed, solidity iz the orly
avallable desisn paramcter to yield the desirad CTﬂ:. [ecreacin, the
hlade chord to diameter ratio (c¢/D) ie beneficial until structural

1imits “.»e reached, For given blade stiffness requirements, zirfod

csactian thickness, and limits on macerials usable modulus, there exis::

a lower limit on blade chord., Figure 2a shows the significant reduction \
{r relative blade stiffmess as chord is decreased., For the purposer >f

thiz study that limit was taken to be 0.027 s ¢/D. This gives a minimur
ahord length of 0,864 ft for a typical 32 foot diameter rotor. Another
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affect of reduced chord is the associated reduction in slot height.

Good CC section performance requires that the slot height-to-chord

ratic (h/c) lie within the boundaries (.00l < h/e £ .003). This indicates
smaller slot heights for smaller chords, possibly creating manufacturing
difficulties and fine tolerances for rotor blades of reduced chord.
Naturally the problem is greatly magnified at small model scale,

requiring fine craftsmanship in fabrication. Figure 2b shows slot height
values versus c/D within the limits on h/c for both model scale (Dia. =

80 in) and typical full scale (Dia., = 32 ft). For comparison, the two-
dimensional models of References 2 to 5 use a (7,010 inch normal slot
height. Thus from both structural stiffness and slot height manufacturing

considerations a very smal) chord is undesirable,

0.80

1 ] T ¥ T
CIRCULATION
CONTROL
ROTOR
H 0.75F CONVENTIONAL 7
; ROTOR
- %
(=]
E 0.70 - / -
B
[ ]
- 9}
0.5} o
4 L L 1
0.05 0.07 0.09 0.1i 0.13 0.15

THRUST COEFFICTENT/SOLIDITY, C¢/¢

Figure 1 - Comparisca of Circulation Control to
Conventional Rotor Performance
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DESCRIPTION OF ANALYSIS

Basic CCR hover analysis techniques have been documented in Reference
10. The details of a blade duct flow analysis was also documented but
was not used in the reference's rotor analysis due to cost and complexity.
In lieu of that, an approximation of constant duct preesure in the radial
direction was made. The present analysis does calculate variable duct
pressure but by a simplified method. Results from a scaled duct flow
model have shown that total pressure drop in the non-rotating duct amounts
to about a 15 percent loss in relative gage pressure at the tip, with a
near linear variation from root to tip, see Figure 3. The equation
describing radial pressure rise due to centrifugal acceleration (for
constant density) is:

APy (%) = 1 o (Vi %)3

This expression added to the blade root pressure P(y) and applying the
15 percent loss factor gives the following description of pressure:

(VT x)2 (.89)

1

P(y,x) = P(¢) - .15 TP(y) - P,] X * 2 op

where P(y, x) and P(y) have dlmensions of psfa. This expression may be
applied to any cyclic P{y) variation.

Several other refinements were employed based on more detailed two-
dimensional data and a correlation between performance prediction and the
HHCC rotor model data. These refinements were for 1) slot height-to-
chord ratio changes relative *o the basic 2-D data, 2) Reynolds number
correction relative to the basic 2-D data (low RN only', 3) synthesized
camber effect relative to the basic 2-D data, and U4) compressibility
effects on section properties based on the results of Reference 3 (see
also Reference 10), Details of the h/c refinement, RN correction, and
synthesired camber effect are given in Appendix B, The basic 2-D data
curves used are given in Appendix A.

The CCR forward flight analysis includes the same corrections and
2-D data as in the hover analysis., Radial flow effects have been added
to the forward flight analysis in the calculation of H-force components,
although 1ift and torque are based ¢n standard strip theory aud do not




Figure 3a - Duct Flow Visualization Model

1.c
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Figure 3b - Total Pressure Ratio Variation

Figure 3 - Duct Flow Model and Results
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consider skewed flow, Tip assumptions do not provide 1ift contributing
forces outboard of the 97% radial station. Profile and induced drag
components at the tip are includec. Rotor pitch and roll moment trims
are accomplished by successive iterations on the l/Rev cyclic blowing
components, and the desired rotor thrust condition is obtained by
iterations on the mean magnitude of blowing (at a specified collective
pitch setting). Once the trimmed point is reached the compressor power
is calculated as in the hover analysis,

Y-l
fp 8 R T, [(PD/PA) Y '}
c (v- 1) n_

B

where nc = 0.8 {compressor efficiency). Individual blade root pressure,
PD’ is a function of azimuth angle in forward flight, but the peak
pressure required must be maintained constantly. Therefore, this peak
value of PD is used in the above equation, along with total required
rotor mass flow (ﬁT), in the calculation of compressor power (PC). Note
that the total mass flow rate, mT, is really the integral of dm/dy, and
that only the peak point in this variation requires or uses the peak
pressure mentioned above. The alternative would be to calculate Pc as

a function of azimuth, using m and PD values appropriate to each azimuth
station, and then integrate the resulting variation of ch/dv. This
alternative approach would predict significantly less power required, but
it is not felt to be representative of a practical control/compressor
system.

The forward flight computer analysis was set to automatically
increment translational velocity in steps. At each velocity the tip
path plane angle was iteratively adjusted to provide equilibrium flight
conditions baswd on input vehicle D/q and calculated rotor inplane H-

force. All forward flight data presented in this report reflect the fcrce

equilibrium, moment trimmed condition for an initial vehicle disc loading
in hover. Satisfying the following equations provided the simplified
equilibrium condition shown in Figure L,




constant weight based on selected disc loading

~ - W= |
T cos sopp * H sin arpp W=20 |
T sin aqpp " H cos Oy D=0
|
/
D !
Rotor Thrust (T)
¢
i Rotor Freestream Velocity (V)
-~ H-Force - —— =
(H) ‘r///f"-— Zero Average Hub Moment
| J Frpp
Vehicle Drag (D) Cule

Tip Path Plane (TPP)

Weight (W)

Figure 4 - Force Equilibrium Conditions

PROCEDURE \
The additional independent variable of momentum coefficient, C , to
%

decoribe 1ift distribution allows more treedom of desian for a CCR than f
for rotors of conventional airfzil sections. Since Cz is now a function '

of two independent variasbles, C and 5, it pecomes important to design

I i

the radial distribution of ¢ as well as 4. In fuct, this additional
¥

variable allows a near optimum section performance and a reduction of

P

Snp

induced power. This radial variation of ¢ was produced by a rac.al

Y
variation of slot opening. That is for a given radial variation of blade

.-‘
o
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duct pressure and corresponding radial variation of slot exit veloeity,
the mass flow rate at any radial position is determined by the slot
height at that position. Another approach might be to design various
internal restrictors or orifices so as to regulate the slot pressure
for a finite number of radial blade segments.

The general procedure was to design slot height variation, and
other parameters, for best hover performance., This was done for several
rotor configurations composed of different airfoil distributions. Each
rotor configuration was then evaluated for forward flight performance

and the airfoil sections which produced best cverall performances were
determined. Three twist angles, and associated slot height variations
to produce near uniform downwash at the disc in hover, were examined

for each contending rotor configuration. The slot distribution and slot

height were perturbed in forward flight for the better rotor designs to

evaluate performance sensitivity to those parameters,
The criterion for the radiel variation of slot height was to

produce near uniform induced velocity at the disc in hover, thereby

r‘vv‘\

minimizing induced power. Uniform inflow was related to induced angle,

@, » through strip momentum theory relations. Lock-Goldstein hover

D g

analysis from Reference 13 then proviied a target distribution of (%) Cz
z associated with the ¢, above. Characteristics »f the airfoil sections

gave the desired radial combinations of CE and 4 for best section z/de.

Specification of Cl and o at two radisl stations then prescribe a linear
twist, linear taper, and collective pitch in conjunction with the target
distributions of (3
( rest of the radial positions were then calculated, The C needed to

produce the desired C

— -+

) Cz and ¢. Operating Ct and 4 combinations for the

. at its associated 4, was calculattd from the

( two-dimensional characteristics at each station. For a known internal

duct pressure variation, slot exit velocity, local freestream velocity,
and relative chord, a relative slot height variation may be determined

i which will produce the desired C variation. The equation describing
this relative slot height distri%ution, based on the slot height at some

radial station g, is given below:

11
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C
h%x; _ “§x; e/D(x) x,3
h(z) ~ Cu g) c¢/D(e (g) (§!:§>.§33 -1
A

Once the distribution is obiained it is normalized for use in performance
prediction. These distributions are shown in Figure 5 along with
comparative variations from performance theory which are Utased on the
approximated slot height distribution. The above procedure has been
programmed for quick calculation using a backwards table look-up to
determine Cu for a given Ct’ o combination. The result of this procedure
is a blade designed for minimum induced power in hover, with at least two
radial stations operating at maximum section L/de, thereby reducing the
profile, compressor and coriolis power components.

Non-tapered blades, or non-optimum taper, will allow only one
radial station to operate at best z/de. This station was, of course,
selected at an outboard position. For one selected CL’ o point, the
target (%) Cz variation and pre-determined taper prescribe all other
values of relative chord and CL' In this case a midspan station's Cz
was chosen from the fixed variation. The y was selected from 2-D data
which gave best section L/de at that midspan operating Ct value, A
desirable linear twist was thcn defined and the design proceeded, as for
the optimum taper case, to determine required C and relative slot height
variations. Note that the above values of C wgre used only for
determination of relative slot height variatgon. They were not useu
directly in performance prediction.

DESIGN TRADE-OFF

AIRFOIL GEOMETRY

Initial airfoil trade-off studies were to establish the best root
section geometry. Tip airfoil thickness ratio (t/c) was established at
close to 0.15 from critical Mach number considerations, with the
possibility of including a small amount of camber (see Reference 7).
Typical hover performance sensitivity to root section t/c is shown in
Figure 6. This indicates some improvement in Figure of Merit with

—— e

. e
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with decreasing root thickness, However, the larger thickaess ellipses
have larger leading edge radii which are operational over a larger angle
of attack range, have larger C‘ capability, and have generally higher

augmentation. Furthermore the 28; thickness ratio cambered ellipse
shows much greater efficiency, making it a desirable outboard section.
Thas the root section was chosen to be 25% thick, with the 15% thick tip
section, placing the more efficient 20% section near blade midspan.

0.9 T T
£ = 0.027 b =24 o = 0.06875
D c
T
+~ 0.8} 0.009 _
[ ]
ol
¥
Be
Q
u //
[
[+ ")
t/c),= 0.15
0.6} t -
| | ]
0.30 0.25 0.20

BLADE ROOT THICKNESS RATIO, t/c).

Figure 6 - Figure of Merit Variation with Root Airfoil Thickness

The effect of camber variation cn rotor Figure of Merit is shown in

rigure 7 for selected airfoils. This shows zero camber at the tip to be
the best. An examination of tladr ~adial distributions of C‘ ard 45 clearly
provide the reason. Uniform inflow dictates the desirable Cl, o variation
shown in Figure 5 for the design twist and constrained rotour CT' Blade

tip 1ift coefficients required are quite srall for CC sections, and require

only a small amount of blowing. The added AC’ due to camber demands that

—"




the airfoil operate at reduced angle of attack to produce the same Cz.

In other words, 1lift due to camber at the tip cannot be efficiently 1
utilized. 1Its affect must be cancelled by operation at reduced alpha

which results in higher section drag and general performance reduction.

This affect diminishes as thrust coefficient is increased and higher

tip 1ift coefficients are required. The lift due to camber then becomes

beneficial as seen in Figure 7 for C,, 2 0,010, However, for a constrained

T

rotor design (CT ~ 006, % 2 .027), zero tip camber gives the better
performance,
0.9 T T T T
< = 0.027 b= o + 0.06875
D
.__—-"’#
. 0.8 _
; =
5 = g
: t
2 _ t/c)r t/c)t o/;
o / 0.25 0.15 e
0.6 0.20 020~ T T T 23 -
| l | 1

0.006 0.007 0.008 0.009 0.010 0.011
THRUST COEFFICIENT, C;

Figure 7 - Camber Effect on Hover Figure of Merit

The contrary is true for a blade root section. Relatively high Cl
performance is enhanced by the addition of camber, requiring less
compressor power, It also provides a more uniform chordwise pressure
distribution on the airfoil. This reduces the possibility of flow i
separation by minimizing pressure suction peaks and the exten: of adverse

15
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pressure gradients. The maximum circular arc camber (%) for an elliptical
airfoil is presently considered to be one-quarter (1/4) of the ellipse
thickness rutio. This gives a nearly flat airfoil lower surface for a
large percent of chord. The airfoil of Reference 2 is of such a design,
and ylelds excellent performance. This maximum camber was utilized for
the blade root airtoil, (t/c = .25, §/c = .0625). A linear variation of
t/c and g/c from root to tip defines the included airfoil geometries,

SLOT DESIGN

Slot geometry design for a CC section must consider several
parameters; slot height-to-chord ratio (h/c), slot height-to-local radius
ratio (h/tte)’ trailing edge radius-to-chord ratio (rte/c), and slot
chordwise position (x/c). The slot chordwise location must be designed
to ensure attached flow ir all section operating conditions including
forward flight, whereas radial slot height distribution is designed for
minimum induced power in hover. Design of the slot chordwise location,
outlined below, is based on the procedures used in Reference 1i. The
significant differences are (1) the method of obtaining airfoil section
operational requirements, and (2) that the procedure is applied to several
sections simultanecusly with consideration being given to interaction
and continuity of geometry. The detaiied slot design is primarily based
on the chordwise location of the aft suction peak in the section prescure
distribution. An operational range of C‘ versus ~ in forward flight is
defined by the rotor performance prediction program for each of several
radial blade sections as seen in Figure 3. When compared to a
conventional airfoil Ct' o curve, this fizure graphically portrays the
significan? difference between CCR section operation and that of
conventional rotor sections. Potential flow plots are generated for
boundary conditions of the operational range for each chosen blade section.
A typical chordwise pressure distribution is shown in Figure G, The
suction peak locations are then defined from these pressure distributions.
Since the suction peak location is dependent on trailing edge geometry
fi.e., trailing edge radius), several radii were examined, The results,
shown in Figure 10, typically provide a band of suction peak locations
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over the range of radii. The combination of airfoil trailing edge
radius and chordwise location for the slot, as chosen from the above,
is shown in Figure 11 (assuming a continuous circular arc also forms
part of the slot).
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Figure 11 - Selected Slot Location and Trailing Edge Radii

The relative slot height distribution was determined from the rotor
hover performance considerations, as previously described, and was shown
in Figure 5. Quantitative slot height distribution was determined from
(1) the relative distribution, (°) the constraints on slot height-to- !
chord and slot height-to-radius, and (3) the above distribution of radius- ;
to-chord. A graph of these parameters is shown in Figure 12a and the |
radial variation of slot height-to-chord is shown in Figure 12b, Note
that the slot distribution of Figure 5 was related only to unity, whereas
the distribution of Figure 12b has been related to chord length. \

Airfoil section geometry has now been defined for the¢ blade
relative to the chord (t/c, &/c, rte/c, x/c, h/c). These di-tributions

were used in succeeding performance predictions, including their impact

Ll

on the refinements in Appendix B. The chcrd-to-diameter ratio (c¢/D'. or

rotor solidity, was examined next.

[ —
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Figure 12 - Blade Slot Height to Chord Design
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SOLIDITY

Rotor solidity was previously concluded to be the least constrained
design parameter to obtain a CT/C, which is compatible with good CCR
performance, see Figure 1. A range of solidity, associated with the
! desired operative range of CTAg for a specified thrust coefficient, is
shown in Figure 13a for the "Design Point" of Table 1 (CT = ,0061) and
for 1504 of that value (CT = .009). The larger Cp may be obtainable by
acceptable design changes in disc loading and tip speed for some vehicles.
s However, for the Design Point a very low range of solidity is required.
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