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NOTATION

Blade span in feet

Rotor drag coefficient, D/pﬂQZRﬁ

Rotor 1ift coefficient, L/pTerR4
Two-dimensional 1lift coefficient

Rotor total power coefficient, C_ + C
Pg Pe

Rotor compressor power coefficient, m V 2/2p1TQ3R5

i)

Rotor shaft power coefficient, QQ/pﬂQ3R5

Rotor thrust coefficient, thtust/p‘lerR4

Blowing coefficient, m V /pﬂ92R4

3

Rotor blowing coefficient, ﬁT (Vj)max/anZRA

Blade chord in feet

Rotor drag in pounds
P
Rotor equivalent drag in pounds, V-+ D

Slot height in feet
Rotor 1lift in pounds

Tip Mach number

Mass flow rate in slugs per second

Rotor total mass flow rate in slugs per second

vi
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P Rotor shaft plus compressor horsepower
Q Rotor shaft torque in foot pounds
R Radius in feet 4
T Rotor thrust in pounds, drag sin as + 1lift cos us
\'} Free stream velocity in feet per second
Vj Jet velocity in feet per second (calculated from the peak blade

root pressure expanded to free stream static pressures) :
VT Rotor tip speed in feet per second, QR |
x Dimensionless distance along radius :
oy Shaft angle in degrees
ACT
i Rotor thrust augmentation (slope of CT versus Cu )

H R
R
ec Blade collective pitch angle in degrees
vl Advance ratio, V/QR
o] Atmosphere density in slugs per cubic feet
fo Rotor solidity 3¢
> b

1Y) Rotor rotational speed in radians per second
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ABSTRACT

As part of the on-going Circulation Control Rotor
Technology Program at the David W. Taylor Naval Ship
Research and Development Center, a high-speed rotor
model designated the Reverse Blowing Circulation Con~
trol Rotor (RBCCR) was evaluated in a wind tunnel in
the forward flight mode. The RBCCR model was used to
evaluate the effects of rotor shaft angle of attack
on rotor performance at the transitional advance ratio
of()= 0.7. The test variables included rotor thrust,
M blade collective pitch angle, tip Mach number, and

rotor shaft angle.\ Major findings are summarized as
follows:

(1) Rotor performance has been shown to improve
by a substantial amount as shaft angle increases from
-5 to +2.5 degrees.

(2) The rotor experiences better thrust augmenta-
tion at a fixed blade collective pitch angle as shaft
angle increases,” The increased thrust augmentation
results in better rotor efficiencies with increasing
shaft an

~"(3) A trim limit relationship between shaft
4ngle and blade collective pitch angle has been
/" established to be 6, = -0.6647 o  -0.7.

f (4) As the shaft angle is varied, a trade-off

exists between shaft power and compressor power
over a range of thrust.
The RBCCR model has demonstrated both the lift

and trim capabilities required in the transitional
flight regime. The model has also shown that rotor
efficiency and power sharing between shaft power
and compressor power can be controlled by rotor
shaft angle at an advance ratio of 0.7.§:;\

ADMINISTRATIVE INFORMATION
The work reported herein was sponsored by the Naval Air Systems Com-
mand (AIR 320). Funding was provided under Element 62241N; Project
F41.421.210; Work Unit 1619-111.

UNITS OF MEASUREMENTS
All data recorded during this experiment were either measured in (or

converted directly to) U.S. customary units. Hence, U.S. customary units
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are the primary units in this report. Metric units are given either adja-
cent to the U.S. units in parentheses or opposite U.S. units in the case
of graphs. Angular measurement is the only exception and the unit of de-

grees is not converted to radians on graphs.

INTRODUCTION

The subject of this report is the evaluation of a 6.67-ft (2.03-m),
high-speed Reverse Blowing Circulation Control Rotor (RBCCR) model in the
transitional speed range (u = 0.70) at various shaft angles, to determine
the effects of rotor shaft angle of attack on rotor performance.

Test variables included rotor thrust, blade collective pitch angle,
tip Mach number, and rotor shaft angle. The major rotor parameters measured
(total power, shaft power, compressor power, rotor thrust, rotor efficiency,
rotor drag, mass flow rate, blade pressure, etc.) were plotted in coeffi-
cient form for constant blade collective pitch angle and constant advance
ratio at fixed shaft angles and tip Mach number.

The range of test variables is given in Table 1.

TABLE 1 - RANGE OF TEST VARIABLES

Shaft Angle, o -5 to 2.5 degrees

S

Blade Collective, Gc 0 to -6 degrees
Advance Ratio, U 0.7
Tip Mach Number, MT 0.09 to 0.22

Because of the large volume of data obtained in these experiments,
this report contains only the most significant findings and trade-offs for
the rotor at shaft angles from +2.5 to -5 deg. The complete (unpublished)
data set is on file in the Aviation and Surface Effects Department, David
W. Taylor Naval Ship Research and Development Center (DTNSRDC).

The data presented in this report are directly applicable to the X-Wing

aircraft; however, due to the extended range of the parameters above and




below the X-Wing design point, the data are also applicable to any high-
speed Circulation Control Rotor concept. For a more detailed discussion of

a high-speed rotor aircraft concept, see Reference 1l.%*

AL - St ot itk il

CIRCULATION CONTROL ROTOR CONCEPT
The application of Circulation Control (CC) airfoils to helicopters is

e i Ve

predicated on: (1) their ability to increase the airfoil two-dimensional
(2-D) 1lift coefficient (Ck) at fixed angle of attack; and, (2) their abili-
ty to generate very high C2 without angle of attach stall.

Circulation Control airfoils provide these characteristics by means of

thin jets of compressed air, blown from slots within the trailing edges of

the rotor blades. Specifically, the Circulation Control Rotor (CCR) con-
cept involves a shaft-driven rotor with blades having circulation control
airfoils. The CC airfoils employ a rounded trailing edge with a thin jet
of air tangentially ejected from a slot adjacent to this (Coanda) surface
(see Figure 1). Airfoil 1lift is proportional to the momentum flux of the
exiting jet of air.

|
é

FLOW
DIRECTION SLOT

t BLOWING

ROTOR BLADE CROSS SECTION

MECHANICALLY DRIVEN
HUB

ROTOR
BLADE

SLOT
BLOWING

AlIR
SUPPLY

Figure 1 - Circulation Control Rotor--Basic Concept

' *A complete listing of references is given on page 33.
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The CCR requires an air supply duct within each blade and a continuous
supply of compressed air. A simple throttling mechanism is used in the
rotor head to provide control over both the cyclic and collective components
of the blown air in order to meet the rotor cyclic and collective control
requirements.

This process eliminates the need for blade mechanical cyclic pitch
change and (in future evolutions) may also eliminate the mechanical collec-
tive pitch. The rotor head is therefore free of numerous dynamic control
system components, which greatly simplifies the mechanisms. By presenting
a cleaner profile, this configuration also reduces external rotor drag.

The CCR concept has been well-established in Navy and industry studies,
and by extensive wind tunnel evaluation at model scale. These results and
descriptions of the basic concept, as applied to helicopters operating in

the conventional speed regime, are well—o:locument:ed.2_7

The CCR concept has been extended at DTNSRDC to a high-speed, high

advance ratio rotor system--the Reverse Blowing Circulation Control Rotor.

REVERSE BLOWING CIRCULATION CONTROL ROTOR CONCEPT

The high-speed Reverse Blowing Circulation Control Rotor (RBCCR) is
also shaft-driven and employs circulation control airfoil sections modified
by incorporating blowing slots on both the leading and trailing edges. A
unique control system (described below) is employed, which enables both
azimuthal programming of the airflow and the controllability needed to
maintain rotor trim. .

Such a rotor concept has potential both as a reduced-rpm, thrust-
compounded helicopter with speeds approaching 400 knots and as a stoppable
rotor with speeds approaching Mach 1.0.8 RBCCR model data have established
baseline characteristics for the high-speed CCR concept from hover through

transition and into cruise to advance ratios of 4.0.

REVERSE BLOWING CIRCULATION CONTROL ROTOR MODEL
Previous analytical studies of the RBCCR concept have established a
baseline rotor design in terms of operational thrust-coefficient-to-
solidity ratio, blade twist, and airfoil distributions of thickness and

camber. The resulting RBCCR configuration was designed and manufactured




at DTINSRDC as a 6.67-ft (2.03-<m) diameter, four-bladed, untwisted rotor
model.* The physical characteristics of the model are summarized in
Table 2.

TABLE 2 - MODEL GEOMETRY

' BLADE
Diameter, ft (m) 6.67 (2.03)
Number of Blades 4
Chord, in. (cm) 5 (12.7)
Solidity Ratio 0.1592
Geometric Twist, deg 0
AIRFOIL ROOT/TIP
Thickness Ratio, t/c 0.20/0.15
Camber Ratio, §/c¢ 0.05/0.0
Trailing Edge Radius, 0.052/0.022
RTE/c
Slot Height Ratio, h/c 0.002/0.002

The tests were conducted in the 8 by 10 ft (2.44 by 3.05 m) North Sub-
sonic Wind Tunnel and on the hover stand of DTNSRDC's Aviation and Surface
Effects Department. The airfoil sections were symmetrical about the mid-
chord with both a leading edge slot and a trailing edge slot. The root and
tip CC airfoil profiles are shown in Figure 2. Thickness distribution
varied linearly from 20 percent at the root to 15 percent at the tip.
Camber distribution varied linearly from 5 percent at the root to zero at
the tip.

Slot positions were a constant percentage of chord over the entire
blade length: x/c (leading edge) = 0.032 and x/c (trailing edge) = 0.968.
The slot height-to-chord ratio was also constant (h/c = 0.002) for both
leading and trailing edge slots. Each slot was supplied air from a separate

*This work was conducted under the sponsorship of the Naval Air Sys-
tems Command. The analytical study was performed, among others, by Mr.
E.O. Rogers at DTNSRDC.




duct within the blade so that blowing from either the leading edge slot or
the trailing edge slot could be independently controlled (see Figure 2).
The blades were machined from solid aluminum alloy in upper and lower
halves by numerically controlled machines. Internal duct geometry and the
slot regulating posts were cut at the same time to ensure equal mass and
stiffness distributions between the blades.
Figure 3 shows the RBCCR in the wind tunnel. It should be noted that
the model solidity ratio is considerably larger than that which would be
The scaled chord for the
correct solidity would have resulted in a model chord of 3.2 in. (8.13 cm)
and a slot height of 0.0056 in. (0.0142 cm).

per blade (and two air supply ducts per blade) made this small chord very

designed or required for a full-scale RBCCR.
The requirement of two slots

impractical from a manufacturing point of view. The chord was therefore
arbitrarily increased to 5 in. (12.7 cm), allowing a slot height of 0.010

in. (0.0254 cm).

5.0 in.
(12.7 cm)

Q&B;nnnnt-————————’{
RS

\)

— |<-— 3.2 percent

TIP SECTION X = 1.0

5.0 in.
(12.7 cm)

|<— 3.2 percent

ssjununnt____q1

%,

ROOT SECTION X = 0.126

Figure 2 - Tip and Root Airfoil Sections of the Reverse Blowing
Circulation Control Rotor Blade
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It was also realized that this would increase loads and therefore pro-
vide more accurate data at the reduced tip speeds corresponding to model
operation at high advance ratio. However, this approach gave the model
blades a lower aspect ratio than the full-scale design (8 as opposed to 10
to 12), so that the model data cannot be taken as directly representative of
a full-scale high-speed rotor.

Also, it was necessary to rwn the model at tip speeds below those in-
tended for the full-scale blades at the transitional advance ratio. While
this did not scale Mach number, the data are scaled for CT/O, which ac-
counts for the reduced tip speed and increased solidity. The data presented
have not been corrected to full-scale Mach number or full-scale Reynolds
number. All data points represent a fully trimmed condition (shaft roll
moment and pitch moment trimmed to zero by cyclic control) at the thrust

level (CT/O) indicated unless otherwise noted.

ROTOR CONTROL REQUIREMENTS
The basic control concept enables the RBCCR model to be trimmed in
three distinct flight regimes:

low advance ratio 0 < | < 0.5
transitional advance ratio 0.5 <y 5_1.4,
high advauce ratio > 1.

The following discussion will, however, be limited to the transitional
flight regime and the type of pneumatic control required.

In the transitional range, the trailing edge duct is blown from 0 to
360 deg azimuth (zero deg being at the rear of the rotor disc) and the
leading edge duct from 180 to 360 deg. This mode of operation is shown in
Figure 4.

In the dual-blowing region of the disc (retreating side), the pressure
waves applied to both ducts are the same. The addition of a 2P* pressure
component to the basic 1P has been shown to be beneficial for this portion

of the flight regime (Figure 5). Typical pressure control signals that are

*NP--occuring N time per revolution where N equals 1 or 2.

8
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Figure 4 - Dual Blowing Concept
for Transition Advance Ratios
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Figure 5 - High-Speed Rotor Transition
Control Requirements




produced by the cams of the RBCCR model can have various amounts of 2P
(Figure 6). The cam identified as cam 2 (Figure 6) was used in the model
to evaluate the effects of shaft angle on rotor performance.

The valving system of the RBCCR azimuthally programs the airflow to
the leading edge slot, to the trailing edge slot, or to both slots of a
dual-slotted rotor blade. The system retains a cam-nozzle relationship to
provide the airflow harmonic content necessary to control the rotor. (A
detailed discussion of the RBCCR valving system is presented in Reference
9.)

08} 1 1 1 T T =)
== == 2P MODIFIED, CAM 2

== === 2P INVERTED, CAM 4,
/

o
o

PRESSURE RATIO, P, /P,
e
»

o
N

0 60 120 180 240 300 360
ROTOR AZIMUTH ANGLE, V deg

Figure 6 - High-Speed Rotor Typical
Control Signals

Figure 7 shows the control system used for the wind tunnel model. The
two-lobed cam provided control to both the leading-edge (top-lobe) and the
trailing-edge (bottom-lobe) ducts and provided a combined 1P and 2P varia-
tion (at a fixed ratio of 2P = 0.5 X 1P) in the pressure wave. The control
pressure was provided by forcing air up the rotor shaft to the head, where
the cam was used to regulate the airflow. The cam was raised and lowered
inside the collector nozzle by means of a control rod. This movement con-
trolled the amplitude of cyclic pressure and, indirectly, the magnitude of
the collective pressure. The magnitude of the collective was primarily
controlled by the overall pressure level inside the head. Control phasing
was achieved by turning the control rod, thus changing the azimuthal loca-
tion of the maximum pressure being supplied to the blades. Once the proper

setting was achieved, the only moving parts were the rotating blades.

10




TRANSITION PLUG
(ROTATING)

COLLECTOR NOZZLE

(NON-ROTATING) COLLECTOR NOZZLE HOUSING

(ROTATING)

Figure 7 - Reverse Blowing Circulation Control Rotor Hub
for the Wind Tunnel Model

TEST PROCEDURE

In the period 13 July 1976 to 17 September 1976, the RBCCR model was
evaluated to assess the effects of rotor shaft angle on the performance of
the isolated ~>tor. The rotor model was located with the center of the
head approximately at the center of the test section, when the shaft was
at 90 deg to freestream (shaft angle equal to zero). Figure 8 shows the
general arrangement of the rotor system, with its 90-channel slip ring,
hydraulic drive motor and torque meter, plenum box, and air supply line.

The tunnel balance measured 1ift, drag, pitch, roll, yaw, and side.

The cam control rod went down into the tunnel control room, where the

l
|
{
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SUPPORT

WIND SHIELD

SLIPRING —

DRIVE UNIT AND
TORQUE PICKUP

TUNNEL FLOOR

PLENUM

AIR SUPPLY

CAM CONTROL RODS TUNNEL BALANCE FRAME

TR

LOWER CONTROL ASSEMBLY ———»{

Figure 8 - Schematic of Circulation Control Rotor
System in Wind Tunnel
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control mechanism was attached to the balance frame. Tares due to the
hydraulic and air supply lines were removed from the measured forces and
moments.

With the addition of blade pressure to blade collective pitch angle as
a variable for controlling rotor lift, a very extensive tunnel test program
was required to determine near optimum flight conditions. After the shaft
angle was set (positive shaft angle is rearward tilt), blade collective
angles were set manually at the head. These angles were varied for -6 to
0 deg in the tunnel.

The rotor tip speed was then set at 100 or 250 ft/sec (30.5 or 76.2
m/s). After the rotor speed was set, the tunnel speed was set for a pre-
scribed advance ratio. Tunnel temperature, humidity, and barometric pres-
sure were monitored to maintain a constant tunnel velocity and the rotor
speed was held constant while the rotor thrust-coefficient range was varied
from 0.006 to 0.038 by varying supply pressure to the blade Coanda nozzles.

The control system provided the cyclic blowing that is required to
trim the rotor in flight. Trimmed flight was assured by isolating rotor
pitch and roll moments through the use of blade root flapping moments, a
sine-cosine resolver, and an analog computer (see Figure 9).

Both dynamic and steady data were recorded for each test point. Time-
dependent data werc recorded on an oscillograph and steady state data were
recorded from the six-component balance. (The rotor was also tested on a

hover test stand at DTNSRDC, where a similar procedure was used.)

FORWARD FLIGHT RESULTS
Basic forward flight performance of the RBCCR model was obtained over
a thrust range for different advance ratios, blade collective pitch angles,
rotor tip speeds, and shaft angles. This report presents performance com-
parison at shaft angles of -5 to +2.5 deg at an advance ratio of 0.7. The
effects of blade collective pitch angle, tip speed, and rotor thrust are

presented at selected shaft angles.

13
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Figure 9 - Circulation Control Rotor Instrumentation
and Control Schematic
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SHAFT ANGLE EFFECTS

Experiments were conducted to determine the effects of rotor shaft

angle on the performance of the RBCCR model in tramsition (y = 0.7).
Typical shaft angle results are presented in Figures 10 through 15 for a
blade collective angle of -4 deg and a hover tip Mach number of 0.22. The
same basic 2P pressure wave (provided by cam number two) was used through-
out this investigation.

Figure 10 shows the change in rotor total power and compressor power
coefficient for shaft angles of -5 to +2.5 deg as thrust is increased. For
a constant blade collective angle, both the total and compressor power is
reduced with more positive shaft angles. The difference between the total
power and compressor power curves is the rotor shaft power, and is given
in Figure 11. A substantial reduction is noted in both compressor power
and shaft power as shaft angle is increased. This reduction in power is
reflected in an increase in rotor efficiency L/De as shaft angle is in-
creased (Figure 12).

The lower thrust limit of the curve in Figures 10 through 15 is due to
the minimum trim capabilities of the rotor; the upper thrust limit is due
to model vibration and/or model trimmability. (A comparison of shaft angle
effect for a constant effective collective blade angle (with respect to
freestream) on the advancing side of the rotor shows about the same results
presented in Figure 12. The effect of matching advancing tip blade angle
on rotor efficiency will be discussed in the Rotor Thrust Augmentation
Section.)

When the shaft angle is varied from zero, the frontal area of the
rotor increases and reflects an increase in rotor drag. Figure 13 shows a
typical variation in rotor CD/O versus CL/o for the range of shaft angles
tested. These values of drag are included in the L/De curves presented in

this report.
ROTOR THRUST AUGMENTATION

A measure of how well the RBCCR airfoils generate thrust can be seen

by examining the rotor thrust augmentation. This analysis is analogous to
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the 1lift augmentation data that has been presented for two-dimensional in-

vestigation of CC airfoils.lo

The 1ift augmentation is obtained by plotting
lift coefficient Cz as a function of blowing coefficient Cu for a constant
angle of attack. The slope of the resultant curve ACR/ACu is an indication
of the augmentation capability of the CC airfoil. This same performance
evaluation can be performed on CC rotors.

Figure 14 presents a typical rotor augmentation plot for the RBCCR
model at an advance ratio of 0.7, and shows the effect of shaft angle on
rotor thrust augmentation. The rotor thrust coefficient CT/O is plotted
versus the rotor blowing coefficient Cu /0 (Figure 14). The blowing coef-

ficient is defined as: ¥

mv
L TSt g
uR pTR VT

where m is the measured rotor air mass flow rate and Vj is the slot jet
velocity calculated by isentropically expanding the blade root pressure to
atmospheric pressure. The data presented are for a blade collective angle
of -4 deg, hover tip Mach number of 0.22, and a range of rotor shaft angles.
Within the shaft angle range tested, zero and positive shaft angles
show better rotor thrust augmentation than negative shaft angles. At the

higher blowing levels (Cu /o>0.013) , the positive shaft angles show im-
R
proved rotor thrust augmentation. A theoretical examination of the rotor-

blade-tip, local-section angle-of-attack on the advancing side, OCAT at (Y
= 90 deg), and the retreating side, ecRT (Y = 270 deg), shows a relation-
ship between shaft angle and section angle of attack to be BcAT = 0.412 oy
- 4,03 and ecRT = 2,28 o = 4,16, respectively. On the advancing side of
the rotor, each 2.5-deg change in shaft angle increases the local angle of

attack by 1.03 deg, whereas on the retreating side this increase is 5.70
deg. For shaft angles within the range of this study, the local-section
angle-of-attack at the tip on the fore and aft portions of the disc are
nearly the same as the local-section angle-of-attack of the advancing
side.
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Even though a majority of the lift is carried on the longitudinal por-
tions of the rotor disc, the majority of rotor trim is produced on the
lateral portions of the disc. The local-section angle-of-attack of the
rotor blades for positive shaft angles is more conducive to good thrust
augmentation (Figure 14), which is realized by an extended trim range and
better rotor performance.

A typical crossplot of rotor thrust coefficient versus shaft angle for
several constant blowing coefficients is presented in Figure 15. A sub-
stantial increase in the thrust-coefficient-to-shaft-angle slope is noted

for shaft angles greater than -2.5 deg.

ROTOR BLADE COLLECTIVE PITCH ANGLE

Experiments were conducted to determine the effect of rotor blade col-
lective pitch angle on rotor thrust, efficiency, and power. Typical rela-
tionships between blade collective angle and rotor thrust for constant val-
ues of blowing coefficient are presented in Figures 16a and 16b. These
respective plots are for the extremities of the shaft angle range tested;
+2.5 and -5.0 deg.

Due to the interaction of blade collective angle and shaft angle, as
discussed earlier, the maximum blade collective for a given shaft angle is
limited by the rotor becoming untrimmable (excessive lift on the advancing
side due to angle-of-attack). The forward flight performance program
(CRUISE 4) established the trim-limit blade collective angle as a function
of shaft angle. This relationship, ec = -0.6647 ag -0.7, establishes the
maximum blade collective angle at each shaft angle for which the rotor can
be trimmed. Good agreement was obtained between the rotor model trim limit
and this equation (see Figure 17).

The trend of rotor efficiency (L/De) with blade collective angle and
rotor shaft angle at a constant CT/O = 0.06 is presented in Figure 18 for
a transitional advance ratio of 0.7. In general, as blade collective angle
and rotor shaft angle are increased, rotor efficiency increases until a
trim limit is reached (established by Figure 17). A subtlety that should

23




0.12

# =070
c"” lo My = 0.22
oore O "t26dw

0.012

AN

THRUST COEFFICIENT/SOLIDITY, Cy/o

0.06 =
/ =
0.04 1 |
-8 —4 -2 0

BLADE COLLECTIVE PITCH ANGLE, 0 (deg)

Figure 16a - Shaft Angle +2.5 Degrees

-

0.10 T
u =07
My = 0.22
c“n/a a, =-5.0deg

0.08 / 0.024 -

THRUST COEFFICIENT, Cy/o
;
|

-4 -2 0 2
BLADE COLLECTIVE PITCH ANGLE, 0 (deg)
Figure 16b - Shaft Angle -5.0 Degrees

Figure 16 - Rotor Thrust Variation with Blade Collective Pitch Angle
at Various Blowing Coefficients

24




: T T 1
3 4 =070
0. = NOTED

3 % s Vg = 260 ft/sec (76.2 m/s) 2l
o
()
3 0 p— THEORETICAL TRIM LIMIT —
8 9, = —0.6847 a, —0.7
£
S
B« l-
3
8
-]
£

12 | i 1

-8 —4 0 4 ] 12

ROTOR SHAFT ANGLE, a, (deg)

Figure 17 - Rotor Shaft Angle--Blade Collective
Pitch Angle Trim Limit

40
3.
> 32 -
£
8
£ ,
[

1.6 —

08 l . 1

-6 -4 -2 0 2

Figure 18 - Rotor Efficiency Variation with Blade Collective Pitch

‘l BLADE COLLECTIVE PITCH ANGLE, 0, (deg)
| Angle at Several Shaft Angles

25




T

be pointed out is that for a positive shaft angle, increased blade collec-
tive angle yields a substantial gain in rotor efficiency, with a reduced
effect at negative shaft angles and a minimal effect at zero shaft angle.

The variation of total power and compressor power with blade collec-
tive angle and rotor shaft angle are presented in Figure 19 for a constant
CT/O = 0.06. (This is the same set of data presented in Figure 18.) The
difference between the curves is the rotor shaft power. As blade collec-
tive angle is increased, the shaft power remains relatively constant and
compressor power decreases; hence, a decrease in total rotor power. As
shaft angle increases from L -5.0 to +2.5 deg, both shaft and compressor
power decreases (as shown in Figure 19). The effects of shaft angle on
the power components are presented in Figure 20 for a blade collective angle
of -2 deg. Figure 20a shows that, as shaft angle increases, the compressor
power decreases faster than the shaft power. The ratio of compressor power
to shaft power at constant thrust decreases dramatically as shaft angle in-
creases (Figure 20b).

Typical trends of shaft power and compressor power with thrust are
examined at the extremities of the shart angle range tested. These data
are presented in Figures 2la and 21b as the compressor-power-to-total-power
ratio for shaft angles of +2.5 and -5.0 deg respectively. Both shaft power
and compressor power are indicated in these figures. Comparison of the
figures shows a substantial trade-off between shaft power and compressor

power, over a range of thrust, as shaft angle is varied.

TIP SPEED EFFECTS

The model rotor had to be tested at reduced tip speed for advance
ratios greater than 0.5. The limiting factors in selecting a tip speed for
the model rotor were natural frequency excitations, tunnel maximum speed,
and advance ratio. A practical speed limit of the tunnel is 200 ft/sec
(61 m/s). The operational limits of the model rotor were established by
y X VT < 200 ft/sec (61 m/s). The rpm which corresponds to blade natural
frequency and multiples of this frequency had to be avoided to keep from
exciting the wind tunnel balance and to keep blade bending moments within
structural limits.
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The rotor was operated with selected control system configurations for
the same advance ratio, but at different tip speeds, to determine the ef-
fect of tip speed on model performance. The effect of increasing tip speed
is to correspondingly increase the Reynolds number at which the blade sec-
tions are operating and also the duct pressure for a given momentum co-
efficient. (Due to reduced tip speed and model size there is a factor of
approximately 20 between model and full-scale rotor Reynolds number.)

The tendency of the model rotor to perform better at higher Reynolds
numbers is consistent with the type of two-dimensional Reynolds number cor-
rections that have been applied in correlating previous model rotors to the
rotor performance program. The effects of rotor tip speed on compressor
power to total power ratio as presented in Figures 2la and 21b respectively
for shaft angles of +2.5 and -5.0 deg.

An increase in tip speed increases the rotor shaft power whose magni-
tude reflects Coriolis, induced, and profile power contributions. The ratio
of compressor power to total power shows that much less compressor power
is required at the high tip speed. The ratio of compressor power to total
power has shown a consistent reduction with increasing tip speed. The in-
crease in rotor performance is provided by much better circulation control
augmentation, which is manifested in a substantial reduction in compressor
power shown in Figure 22.

It is quite evident from these results that Reynolds number effects
are very significant. While rotor parameter trends are probably represented
reasonably well by the data, an attempt to arbitrarily extrapolate to full-
scale without a thorough knowledge of the scaling laws would be very ques-
tionable. This is particularly true with regard to profile and compressor
power, because of their strong dependence on the boundary layer momentum
thickness, and hence Reynolds number, as well as the influence of increased
duct pressure (Mj) on Coanda effectiveness.

CONCLUSIONS
Basic forward flight performance of a High Speed Circulation Control

Rotor was obtained using the RBCCR model. Data were obtained over a thrust
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range for different advance ratios, blade collective pitch angles, rotor
tip speeds, and shaft angles. This report presents the most significant
findings and trade-offs for a shaft angle range of -5 to +2.5 deg at an
advance ratio of 0.7. At selected shaft angles, the effects of blade col-
lective pitch angle, tip speed, and rotor thrust were assessed.

Several conclusions have been drawn and are presented here:

* Rotor performance has been shown to improve as shaft angle increases
from -5 to +2.5 deg.

* The rotor experiences better thrust augmentation at a fixed blade
collective pitch angle with increased shaft angle. This increased augmenta-
tion is manifested by much better rotor efficiency as shaft angle is in-
creased. Correspondingly, for a fixed shaft angle, performance improves
with increasing collective pitch angle until trim limits are reached.

* A trim limit relationship between shaft angle and blade collective
pitch angle has been established by theory and verified by the wind tunnel
data of the model rotor. This relationship is Bc = -0.6647 o -0.7.

e As the shaft angle is varied, a substantial trade-off exists between
shaft power and compressor power over a range of thrust.

* It is evident from the tip-speed data results presented that Rey-
nolds number effects are very significant. While rotor parameter trends
are believed to be represented reasonably well by the data, an attempt to
arbitrarily extrapolate to full-scale without the proper scaling laws

having been developed would be very questionable.
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