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FOREWORD

This report was prepared by Aerospace Systems, Inc. (ASl), Burlington,
Massachusetts, for the National Aeronautics and Space Administration (NASA) under
Contract No. NAS 2-8671. The report documents the results of research performed
during the period October 1975 to May 1977. The stucdy was sponsored by the Ames
Research Center, Moffett Field, California, with Dr. Wayne Johnson serving as

Technical Monitor.

The effort was directed by Mr. John Zvara, President and Technical Director
of ASl. Mr. Richard B. Noll, Vice President of ASI, servea as Project Engineer,
Mr. Paul Soohoo of ASI and Dr. Luigi Morino, Director of the Computational Continuum-
Mechanics Program at Boston University, were Principal Investigators. Dr. Norman D.
Ham, Director of the V/STOL Technology Laboratory at MIT, contributed to the study

as Principal Consultant,
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SUMMARY

An investigation has been performed to demonstrate the feasibility of the
Green's function method to study tilting proprotor aircraft aerodynamics with particular

application to the problem of the mutual interference of the wing-fuselage=-tail-rotor

wake configuration. While the formulation is valid for fully unsteady rotor aerodynamics

this report is mainly concerned with steady-state aerodynamics, which is achieved by
replacing the rotor with the actuator disk approximation. The use of an actuator disk
analysis introduced a mathematical singularity into the formulation; this problem has

been studied and resolved.

The pressure distribution, lift, and pitching moment were obtained for an
XV -15 wing-fuselage-tail rotor configuration at various flight conditions. For the
flight configurations explored in this investigation, the effects of the rotor wake inter-
ference on the XV =15 tilt rotor aircraft yielded a reduction in the total lift and an

increase in the nose-down pitching moment.

The present method has potential application in the design of helicopters

because it provides an analytical capability that is simple to apply and can be used to

investigate fuselage-tail rotor wake interference as well as to explore other rotor design

problem areas. The numerical results obtained are of a preliminary nature and were
used to identify requirements for further theoretical and experimental research into

wing-tail -rotor aerodynamic interference effects on tilting proprotor aircraft,
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: P point on the wake being convected with velocity \-/A

i;,,

o P, control point in the flow field

L

£ q dynamic pressure

' r=|P-P,| distance between control point and dummy paint
r radial position along blade element (see Section 8) ‘
R rotor rudius
R2 radius of spherical surface 22 (see Figure 9)

2
5 direction tangential to the surface of the blade
-SB vector tangential to the surface of the blade
D direction tangential to the surface of the actuator disk
-SD vector tangential to the surface of the actuator disk
5 area of wing
) ,

v t time

¥ T rotor thrust
u resultant air velocity
Up resultant air velocity perpendicular to tip path plane
Us resultant air velocity tangent to tip path plane

i . o

¢ Up free stream velocity

% v rotor induced velocity (see Equation 106)

."' r

: v perturbation velocity '

¢ VH rotor induced velocity on horizontal stabilizer, ft/sec

! \Y flight velocity
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. X axial coordinate
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‘
s
| ORIGTNAL Pfﬁ%
OF POOR QU
xvi
%
J ABROSPACE SYSTEMS, INC. ¢ ONE VINE BRODK PARK ¢ BUHLINGTON, MASSACHUSETTE 01803 ¢ (817) @78.7817
{ - - ‘
/.’w ,‘...,,,‘:,.v,a:'..w;..um‘;.- B - f\

| < r'd \

-



MR LA S ST & Ll © B LS S,

FTENE AN

b e,

"J"ha‘

R ORI

o

B Y T LS P R S RN A

% v

.

L3

I
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Shk Kronecker delta = {(]) : ; t
83 pitch flap coupling, degree
€ radius of El (see Figure 9)
9 rotor ongular position
® 75 blade collective pitch at three-quarter radius
8, blode lateral cyclic pitch
c
9] blade lateral cyclic pitch angle with respect to hub plane
HP
9, blade longitudinal cyclic pitch
s
9, blade longitudinal cyclic pitch angle with respect to hub plane
*HP
80.75 blade pitch at three-quarter radius
A inflow ratio
p advance ratio
e, M curvilinear coordinates for hyperboloidal element
p air density
o solidity of rotor (Equation 109)
z surface surrounding the body and the woke
Zp surface of the body
Zp surface of actuator disk
ih . Y
Z, h™" quad:ilateral element L PAGE 8
GIed 1Ty
Z k'" quadrilateral element OF POOR
Zp surface of the rotor blades
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surface of the wake

surface surrounding the body and rotor blades (Figure 9)

spherical surface of radius ¢ and center P,

spherical surface of radius er and center P,

strip of wake element (bounded by two streamlines)
emanating from element g,

wakes of the rotor blades
surface of the tail wake
surface of the wing wake

thickness ratio
perturbation potential

potential at trailing edge

perturbation potential at control point P,

value of A on the branch wake of actuator disk

blade inflow angle

potential = U_x + ¢

blade azimuth angle
downwush on actuator disk
rotor rotational speed

angular velocity of the rotor

del operator = HEI S P

xviii

AERQSRACE SYSTEMSE, INC. * ONE VINE BROOK PARK ¢ BURLINGTON, MASSACHUSETTS 01803 ¢ (817) a7a-7817

B e L T T

- e o

-
LYY

|



x
'
n_?

oA g

U e S 8 L

R R e s il

.

S s e

IO SR o e

S B T S T D S SRR

SECTION 1
INTRODUCTION

The XV-15 tilting proprotor (tilt rotor) aircraft is being developed under a
joint NASA/Army program to provide flight research and technical data for the design
of tilt rotor aircraft for military and civil applications (References 1 and 2). This tilt~
ing proprotor research aircraft is characterized by low disk-loading rotors (two 3-bladed,
25-ft diameter rotors for a gross weight of 13,000 |b) mounted at the wing tips, a forward-
swept high wing, and twin vertical tails. The XV-15 aircraft offers the hover and low-
speed capabilities of a helicopter and the high-speed cruise (300 kﬁots) advantages of
fixed-wing aircraft. The proprotors are positioned in a helicopter mode to take off
vertically. As forward speed is developed, the rotors are tilted forward progressively
(conversion mode) until the high speed cruise mode is achieved. In this aircraft mode,

lift is provided by the wings, and the proprotors provide the propulsive thrust.

The large rotors located on the wing tips and tilted at different thrust angles
introduce numerous dynamic considerations {e.g., References 3 to 6). In particular,
the aerodynamic wake generated by the rotors can envelope the tail surface. Thus,
the mutual interference of the rotor, wing, fuselage, tail, and their wakes s poten-
tially of greater importance for this aircraft than for other configurations. Compared to
helicopters, the aircraft has larger wing and tail surfaces; compared to propeller air-
planes, it has much larger rotors which perform the same function as propellers. The
effects of the aercdynamic interference on the stability and control characteristics of
the aircrafi are expected to be important. Of particular interest is the effect on longi-

tudinal trim of the aircraft, especially through transition and conversion modes.

This report demonstrates the feasibility of a method to study aerodynamic

interference effects on aircraft. In particular, the problem of the rotor wake interaction

-1 -
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effects for a tilting proprotor aircraft at various flight conditions is investigated. The

results obtained are of a preliminary nature and are used to identify requirements for

further theoretical and experimental research into wing~tail-rotor aerodynamic inter-

ference effec's on tilting proprotor aircraft.

The report begins in Section 2 with o description of the tilt rotor aircraft and

a review of problems anticipated because of aerodynamic interference. The state of the

art in the pradiction and analysis of aerodynamic intecference is reviewed briefly in

Section 3. The approach to the problem used in this study is discussed in Section 4, along

with required modifications to a computer program used in calculating aerodynumic loads.

Section 5 presents the potential aerodynamic theory for the mutual interference of a wing-

fuselage-tail-rotor wake configuration. In Section 6, the potential aerodynamic theory

is modified for the special ccse of an actuator disk model ! 1stead of a finite-blade rotor

model. Sectior. 7 gives the numerical formulation used to implement the aerodynamic

theory of Sections 5 and 6 into a computer program, The determination of appropriate

flight conditions to be used in the investigation is discussed in Section 8, Section 9

presents the computed results and discusses the implications of the calculations. Section

10 provides concluding remarks on the present study, and gives recommendations for

future research based on the resuits of this study. A list of references supporting the

various discussions is included, as well as appendices which provide supplementary

information on the computer program used during the study and on the actuator disk

equation,

ABROSPACE SYSTEMS,
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SECTION 2
TILTING PROPROTOR AIRCRAFT BACKGROUND

2.1 AIRCRAFT DESCRIPTION

The tilting proproior aircraft combines in one aircraft the hover efficiency j
of ihe helicopter and the high-speed efficiency of the fixed-wing aircraft (References
1 7, and 8). The NASA/Army tilting proprotor research aircraft program sponsor 2d
pri:liminary design studies (References 9 and 10), which led to the development of a

rilt-rotor research aircraft designated as the XV-15,

The XV-15 (Figure 1 and Table 1) is representative of those aircraft which
e loy the tilt rotor concept. The hover lift and cruise propulsive force is provided by
iow disk-loading rotors located at each wing tip. The rotor axes rotate from the verti-
cul (or near vertical), the normal position for hover and helicopter flight, to the
horizontal for air~lane mode flight. Conversion characteristic: are given in Table 2.
Hover control is provided by rotor generated forces and moments, while airplane mode

flight control is obtained primarily by the use of conventional aerodynamic control

surfaces (Table 3).

A cr ss=shafting system connecting the rotors provides several benefits,
This system precludes the complete loss of power to either rotor due to a single engine
failure, permits power transfer for transient conditions, and provides rotational speed

synchronization. Rotor-axis tilt synchronization is ccliieved by o separate interconnect

shaft.

The aircraft is capable of high duration hover {approximately one hour ot
design yross weight), helicopter mcde flight, versatility in performing conversion
(steady-state flight is possible at any point in the broad transition corridor), and air-

plane mode level flight at speeds greater than 300 knots, The low disk-loading rotors

ORIGINAL PAGE K
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Figure 1, XV=15 Tilt Rotor Research Aircraft.
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Table 1. Dimensions and General Data for XV~i5,
Horizontal Vertical
Description Wing Tail Tail
Area, sq ft 169.0° 50.25 50.5
Span, ft 32.17° 12.83 7.68
Chord, ft 5.25 3.92 4.09/2.40
S, RS 5.25 3.92 3.72¢
Aspect ratio 6.12 3.27 2.33
Incidence, degree 3.0 0 to +6° -—-
Dihedral, degree 2.0 0 -
c f
Sweep i’ degree -6.5 0 31.6
Section (NACA) 64A223 64A015 0009
(Mod)
Tail length, ft - 22.4 23.2¢
a - between rotor centerlines at 1ilt axis; b - root/tip; ¢ = mean aero-
dynamic chord (MAC); d - total; e ~ hinged at 33 percent chord;
[ f - upper.

can be operated in the autorotation state to reduce clescent rate in the event of total
power loss. Research operation at the design gross weight allows for a total useful load
of over 2900 pounds. At intermediate rotor-axis tilt angles (between 60° and ,750), the

aircraft can perform STOL operations at weights above the maximum VTOL gross weight.

The Lycoming LTC1K ~4K (a modification of the 153~L-13B) engines and main
troasmissions are located in wing~tip nacelles to minimize the operational loads on the
cross-shaft system and, with the rotors, tilt as a single unit. The use of the free turbine
engines permits the reduction of rotor rotational speed for airplane mode flight to improve

rotor performance and reduce cruise noise.

ORIGINAL PAGS 12
-5- OF PQUR QUALITY

AEROSPACE SYSTEMS, INC. ¢ ONE VINE BROOK PARK ¢ BURLINGTON, MASEACHUSETTS 01803 ¢ (817) a78-7817



Table 2. Conversion Characteristics for XV=15.

Ground, ft

Conversion axis:

Fuseloge, ft
Wing leading edge, ft

Wing chord location, percent
Forward sweep, degree
Dihedral, degree
Angle-to-mast oxis, degree

Helicopter mode, degree
Airplane mode, degree

Conversion range, degree

Wing upper surface, ft

Angle of outboard tilt-of -mast axis

Rotor tip clearance (airplane mode) to:

Rotor tip clearance (helicopter mode) to:

wW
[S, ISR S, e
noumo

0

0to 95

P —
oL,

O —
O
N

Table 3. Dimensions of Movable Aerodynamic Surfaces for XV~15,

B Description Flap { Flaperon J] Elevator Rudder
Area aoft hinge, sq ft 11.0° 20.2° 13.0 7.5°
Span, ft 4.25° 7.86° 11.0 4.66
Chord aft hinge, percent 0.25 0.25 0.30 0.25
Surface deflection, degree ---€ ---C + 20 + 20
Control travel for total
surface deflection, in _—— 9.6 9.6 5.0

a - total both puanels; b - one side, along hinge; c - see Figure 3.

AEROSPACE SYSTEMS, INC, ¢ ONE VINE BACOK PARK ¢ BUALINGTON, MASBSACHUBETTS 01803 + (817) @78-7817
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The XV -15 research aircraft utilizes 25-ft-diameter gimbal-mounted,

stiff~inplane, three-bladed rotors, with elastomeric flapping restraints for increasing

helicopter mode control power and damping. Rotorblade characteristics are shown

in Figure 2 and Table 4. Variable rotor~tip speed control is provided to enable

3
i
£
‘g

research on noise, performance, and hover downwash. The nominal design tip speeds

are tabulated as follows: J
Condition Tip Speed, ft/sec rpm
Hover/Helicopter Mode 740 565
Cruise/Airplane Mode 600 458
Hover Test Overspeed 818 625
Design Limit 865 661
—

The forward - swept wings provide clearance for 12° of flap deflection which wili accom-
modate gusts and maneuver excursions while operating in the airplane mode. Wing-
pylon-rotor stability is accemplished by seiecting a stiff wing and pylon-to-wing
attachment and minimizing the distanc 2 of the rotor hub from the wing. Airplane

mode wing-pylon-rotor stability is retained up to airspeeds of 370 knots even with a

20 percent reduction in wing and pylon stiffness.

For hover flight, the wing flaps and flaperons are deflected downward to
reduce the ving download and incre-se hovering efficiency (Figure 3). Hover roll
control is provided by differential rotor collective pitch, pitch control by cyclic
pitch, and yaw control by differential cyclic pitch. Pilot controls in the helicopter
mode are similar to that of a conventional helicopter. A collective stick provides
power and collective pitch for height control and a control stick provides longitudinal

and lateral contol,
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Figure 2, Rotor Blade Characteristics for XV-15,

Table 4, Rotor Characcteristics for XV=15.

Number of blades per rotor 3
Diameter, ft 25.0
Disk area per rotor, sq ft 491
Biade chord (see Figure 2), in 14,0
Blade characteristics See Figure 2
Solidity 0.089
Hub precone angle, degree 2,5
64, pitch flap coupling, degree -15.0
Flapping design clearance, degree +12
Blade Lock number 3.83
-8 -
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Figure 3. Flaperon Deflection versus Flap Position.

In the airplane mode, conventional airplane stick and rudder pedals are
employed, while the collective stick/power lever continues to be usad for power
management, An H-tail configuration (two vertical stabilizers) has been selected to
provide improved airplane directional stability ar>und a zero yaw angle. Control
authority for the power lever, blade pitch governor, cyclic, differential cyclic,
differential collective, and fiap/flaperon relationship are phased with mast angle by

mechanical mixing linkages.

2.2 ANTICIPATED PROBLEMS DUE TO AERODYNAMIC INTERFERENCE

The tilting proprotor is a VTOL aircraft with laterally displaced tilting

rotors at the tips of small wings, and a conventional tailplane mounted at the rear of

ORIGINAL PAGE I8
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the fuselage for stability and control in transletional flight (see Figure 1). The mutudl
interference of the rotor, wings, fuselage, and tail is likely to have important effects
on the stability and control characteristics of this aircraft, including the longitudinal

trim during transition and conversion, and the lateral trim in a sideslip or crosswind.

In a previous aircraft of this type, the Bell XV-3, o nose~down pitching
tendency was caused by the rotor wake inboard tip vortices passing near the horizontal
stabilizer. At low airspeeds, the tip vortices passed below the horizontal stabilizer and
induced an increase in the angle of attack. The resulting lift required a small aft
stick displacement which reduced the stick displacement gradient in the forward speed

range from hover to 40 knots,

Tilt rotor wake effects on the wing and horizontal stabilizer have been mea-
sured during a recent one~-tenth scale powered-model wind-tunnel test (Reference 11},
From this test it was possible to establish these effects during low-speed transition and
conversion flight, Wind-turnel dato showing the percent wing !ift as a function of
airspeed and mast angle are given in Figure 4. Comparison with rotors—off tests indi-

cated that above 40 knots, wing lift is not influericed by the rotor wake.

The tilt rotor wake effects on the horizontal stabilizer were determined
from the data summarized in Figure 5. As shown, an upwash exists during low-speed

flight. This was found to have a considerable effect on longitudinal trim,

-10 -
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Figure 4. Rotor/Airframe Interference in Forward Flight (Reference 11).
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StCTION 3
STATE OF THE ART

3.1 WING-BODY AERODYNAMIC INTERFERENCE

The classical approach for evaluating the aerodynamic pressure on interfering
wings and tails is the iifting surface method (References 13 and 14). Calculations have
been normally limited to wings or other lifting surfaces separately, except for a limited
number of cases in which the vehicle could be considered as a slender body. However,
interaction of the flowfields of wings and the fuselage results in interference effects
(Reference 15) v " ich connot be adequately accounted for when examining the lifting
surface and the body separately. The advent of modern high-speed computers has
prompted the development of a series of new methods, generally called finite element
methc Is. [hese methods offer both flexibility and efficiency and can be applied to
complex corfigtrations. All the methods are based on potential aerodynamics and
consider various distributions of sources, doublets, vortices, pressure panels, etc.,

on ard/or inside the surface of the aircraft.

An early work on the flow field around three-dimensional bodies (Reference
16) uses constan’ strength source-elements to solve the problem of steady subsonic flow
around nonlifting bodies. This method has been extended to lifting bodies (References
17 through 19) by including doublet and vortex panels. Woodward's method (Reference
20) is o different approoch which uses lifting surface elements for the representation of
the body. For oscillatory subsonic aerodynamics, extensions of the doublet-lattice
method (Reference 21) are obtained by =ither placing unsteady lifting surface elementson
the surfoce of the body or by using th methed of images combined with slender body
theory (Reference 22). In the supersonic .unge, complex configurations are analyzedin

References 20, 23 and 24, Recently, Woodward's method (Reference 20) has bean

-13 ~
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extended to provide u unified method for both subsonic and supersonic steady flow
(Reference 25), In the wing-body-tail interference methods mentioned above, none
is sufficiently general to analyze the interference of complex aircraft configurations
in the presence of a rotor, since there exists no frame of reference with respect to

which all the surfaces (body and rotor) are fixed.

A general method for steady and unsteady subsrnic and supersonic aero-
dynamics arcund complex configurations (where the surface is allowed to move with
respect to the frame of reference) has recently been developed by Dr. Luigi Morino.
Morino's technique (References 26 and 27) is based upon the Green function method
for the equation of the aerodynamic potential. The potential is expressed in terms of
source distributions with known intensity (obtained from the bour iary concitions) and
doublet distributions with intensity equal to the unknown value of the potential on
the surface. The integral equation is obtained by imposing the continuity of the
potential along the normal to the surface; it may be rioted that the boundary conditions
are automatically satisfied, The application of Morino's method to finite-thickness
wings is given in Reference 28, and the general theory for subsonic flow is reviewed
in Reference 29, This method is readily applied to supersonic flow and is the only
known method for analyzing unsteady supersonic flow around non-zero thickness con-

figurations (Reference 30).

3.2 TILT ROTOR AIRCRAFT AERODYNAMIC INTERFERENCE

There is relatively little information available on aerody~amic interference
effects in tilt rotor aircraft. References 31, 32, and 33 describe the results of tests of a
powered wind tunnel model. Aerodynamic interference in forward flight was investigated

by the observation of flow in the vicinity of the wing and empennage and the measurement
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of the effect of interference on the emzennage. Smoke injected upstream of the left-
hand rotor showed the nature of the rotor-wing aerodynamic interference. Tests of a
1/10-scale model had previnusly shown that the wing download in hover changes to an
vpload in forward flight. The wing begins to contribute lift at cn airspeed of 35 knots,
whereas linearized wake theory would predict the wing to be immersed in the roi..,
wake at that low an airspeed. Observation of the flow showed that at speeds as iow

as 20 knots the rotor induced a strong upwash at the wing leading edge and that the
rotor ‘vake was complerely off the wing at speeds over 30 k..ots. The nonuniform
induced velocity of the rotor appears responsible for the wake moving off the wing at

low airspeeds.
As a result of the powered model tests, the following were determined:

° Rotor wake interaction on the wing is nonlinear, varying from
downwash on the outboard panels under the rotor to upwash on
the inboard panels.

° Rotor wake un the horizontal stabilizer varies from an upwash
during low-speed helicopter flight to a downwash during high~
speed flight.

° The dynomic pressure at the empennage increases significantly
during lov-speed flight to nearly double that of free stream,

™ The rotor wake across the horizontal stabilizer is nonlinear with
sideslip and causes a pitch up with sideslip.

° Directional stability is influenced by the rotor wake interaction or.
the vertical stabilizer.

The flow patterns in the vicinity of the empennage were studied with the
aid of smoke and photographs of a tufted grid. At 30 and 40 knots, the flow patterns
became distinct and showed that the rolled-up rotor wake vortices were located
directly above the horizontal stabilizer. At these speeds, the rotor wake has the
characteristics of the wake of a low aspect ratio wing, with the net effect of an

vpload ot the hotizontal stabilizer.
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The tufted grid was not used at airspeeds higher than 40 knots, Smoke
patterns at higher speeds showed that the rotor vortices moved downward and outward
as speed increased. A net upwash over the span of the horizontal stabilizer was visible

at airspeeds between 60 and 100 knots.

When the model was yawed at low speeds, the vortex cores shifted laterally
with respect to the fuselage centerline. This shift has two effects on the empennage:
(1) it reduces the strength of the rotor-wake=-induced lift on the horizontal stabilizer,
reducing the upload and producing a nose-up pitching moment; and (2) for yaw angles
between 0 and 12 degrees, it reduces directional stability, due to the vortices moving
laterally with respect to the vertical fins. Ar yaw angles greater than 12 degrees, the
rotor wake increased the effectiveness of the vertical fins and thereby increased the

directional stakility over that of the basic airframe.

The interference between the rotor wake and the empennoge was extracted
from test data under the assumption that the aerodynamic interference is superimposed
on the aerodynamic characteristics of the basic airframe. The downwash at *he hori-
zontal stabilizer was assumed to be caused by the wing and the rotors, with each acting
separately, and with the total downwash being the sum of the respective downwashes.
it is recognized that representing the effect of the rotor wake on the horizontal stabilizer
in terms of a net upwash or downwash is a gross simplification, but this approach makes
the problem tractable for application to the simulation. Representing the actual flow
field in the vicinity of the empennage with a rigorous mathematical model is not
presently feasible, Additional dcta on pressure distributions, local flow velocities,

etc., would be required for the development of a more rigoruus model.

Sideslip was found to reduce the magnitude of the upwash at the horizontal

stabilizer. The downwash velocity was determined by assuming the total dynamic

ARROSPACE SYSTEMS, INC. ¢ ONE VINE BROOK PARK ¢ BURLINGTON, MASSACHUSETTS 01803 « (817) 272-7817



pressure ratio to be equal to its value at zero <ideslip. The reduction in upwash

velocity causes a nose-up pitching moment when the aircraft is sideslipped.

The effect of rotor wake-airframe-ground aerodynamic interference on XV-15
handling qualities was also evaluated by observing model flying charccteristics during
semi-freeflight tests and from pilot comments during real time, pilot-in-the-loop, flight

simulation.,

In the wind tunnel semi-freeflight tests, the model could be trimmed at the
lowest speed achievable in the tunnel (approximately 16 knots full scale). In the 16 to
35 knots range, control was difficult but manageable. Above 35 knots, the model became
ver: easy to trim and control, and above 50 knots the model would maintain a trimmed
cendition "hands off.” The model was also flown in sideward and rearward flight at
speeds up to 35 knots. In both cases, roll control was difficuit but manageable while
pitch and yaw control were fairly easy (even in rearward flight). The model was
noticeably more stcble in descents, including autorotation, than in level flight and
climbs. A brief investigation of controllability at nacelle incidence angles of 60°

and 30° showed the model to be easy to control about all axes.

Real time, pilot-in-the-loop simulation was conducted on the NASA-Ames
Fiight Simulator for Advanced Aircrart., The mathematical -model included ine static
instability in roll in hover, the effect of Induced Ground Effect (IGE) operation on rotor
performance, the wing download variation with airspeed, and the effect of the rotoi's

wakes on the horizontal stabilizer and fin.

Although the effects of the interference were not evaluated directly, their

influence was noted during the evaluation. Observed effects included:

° Increased workload to control roll when operating IGE. This effect
of the static instability in roll was most apparent when taking off or
landing.

-17 -
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° Stick position reversal, directional instobili?', and pitch coupling
with sideslip during transition from hover to forward flight.

° Nose down pitching when increasing collective pitch at speeds
between 20 and 60 knots.

All of these characteristics were similar to those observed in the scale model semi~
freeflight tests.
Reference 34 describes aerodynamic interference effects during low-speed

flight close to the ground. Both flying qualities data and flow visualization results are

presented and their implication for the design of tilt rotor aircraft is described,
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SECTION 4
APPROACH TO THE PROBLEM

Determination of the interference effects of the proprotor wake on the aircraft
) 4 stability characteristics requires an appropriate model of the wake in order to analyze
the changes in aerodynamic force included on the control surfaces by the wake. Model-
ing of proprotor wakes is based on the vortex theory of propellers developed by Goldstein
(Reference 35). The vortex theory is a difficult boundary value problem: given a heli-
coidal vortex sheet, find the vorticity distribution which causes the sheet to translate
along its axis without distortion. The shape of the vortex wake is not known in advance.
‘Moreover, the stretching of the pitch of the helix has as much influence on the induced
flow as dces the strength of the vorticity. The determination of the distortion of a vortex
system, given the strength at the trailing edge of the blade, is a formidable task (References
36, 37, and 38). Moreover, the vortex strength depends upon the blade loading, which
is also unknown. This problem was treated in Reference 36; however, the computer
program developed there was too slow for practical purposes. The approach taken in
Reference 38 was to proceed from on assumed vortex wake geometry, including contrac-

tion and acceleration effects.

4,1 PROGRAM SUSSA ACTS

The approach of Reference 38 is used in conjunction with the aerodynamic
potential analysis technique developed by Morino (see Subsection 3.1). The technique
is implemented in a computer program SUSSA ACTS (Steady and Unsteady Subsonic and
Supersonic Aerodynamics for Aerospace Complex Transportation Systems), discussed in
more detail in Appendix A. In this code the motion of the surface with respect to
the frame of reference is assumed to consist of small oscillations with an arbitrary

variation in time, The surface of the aircreft and its wake are divided into
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small quadrilateral elements which are approximated by a hyperboloidal surface defined
by four corner points, In this process, the continuity of the surface is maintained,
although discontinuities in the slopes are introduced. The unknown is assumed to be
constant within each element and, therefore, the integral equation reduces to a system
of linear algebraic equations, The problems best suited to the program are steaay and
oscillatory subsonic and supersonic (linearized, attached, potential) flows around
simple (such as simple wings) and complex configurations (such as combinations of wing,
fuselage, tail, and control surfaces). |t should be noted, however, that the general
formulation includes fully unsteady flow. Therefore, the problem of interference of
the aircraft (wing-fuselage-tail) with the rotor is a particular case of the general

formulation presented in Reference 26.

4.2 MODIFICATIONS TO PROGRAM SUSSA ACTS

In order to be applicable to the aircraft-rotor interference, Program SUSSA
ACTS requires modification in order to allow for the motion of the surface of the rotor,
the tilt rotor aircraft geometry, and the wake geometry of the rotor. The approximate
nature of the study on interference allows simplifying assumptions to be used for the
aerodynamic analysis. It is assumed, therefore, that the number of blades in the rotor
approaches infinity, yielding an actuator disk (see Subsection 6.1). For that case, the
aeraodynamic phenomena become steady, which simplifies the aerodynamic calculations.

The modifications made to SUSSA ACTS are discussed briefly in the following sections.

4,2,1 ACTUATOR DISK

The present Program SUSSA ACTS does not automate the geometry of the
tilting proprotor aircraft rotor assembly. Hence, a preprocessor, based on data provided,

must be developed, Because of the nature of the present study, only the rotor will be
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considered, and this is replaced by an actuator disk. The actuator disk is approximated
with a thin ellipsoidal configuration. A standard finite element breakup is used to
divide this surface into small quadrilateral aerodynamic panels. The preprocessor de-
fines the nodal numbering and i!s location in the reference cartesian coordinate
system.

On the actuator disk, the boundary condition (downwash) must be generated.

The downwash ¥ on the actuator disk is related to the rotor blade downwash by

V=(-Uoo?+(-1x:)-:18/cosa+ %CTQRtona (1)

where

a = argle of attack of the blade

;B = nornal to the blade

Q = angular velocity of the rotor

Uy, = free stream velocity

CT = rotor thrust coefficient

R = rotor radius

In obtaining this inflow, the components of th. perturbation velocity tangent to the

disk are assumed small. Details of this formulation are presented in Subsection 6.2.

4,2.2 TILT ROTOR AIRCRAFT PREPROCESSOR

The original preprocessor of SUSSA ACTS was designed for conventional
wing-body-tail configurations. The wing was assumed to be located at mid fuselage,
and the profile of the fuselage was assumed to be circular. In addition, the empennage
was limited to only one vertical tail. Consequently, the geometry of the nose, fuse-
lage, and empennage was modified appropriately to model the tilt rotor aircraft.

These modifications affect the final nodal breakup of the tilt rotor aircraft,
ORIGINAL PAGE I8
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4,2.3 ROTOR/AIRCRAFT WAKE GECMETRY

The surface of the wake emanating from the trailing edge of the wing and tail
is assumed to be known,  These wakes are treated as straight vortex lines from the
trailing edges of the wings and tail and parallel to the direction of the flow. The Kutta

condition is imposed at the trailing edges.

The wake of the actuator disk (rotor) is composed of infinite vortices emanating
from the rim of the disk and one additional vortex emanating from the center of the disk.
The control vortex represents the vorticity shed by the blade near the blade rooi. Details

of the wake geometry of the actuator disk are given in Section 6.
e Two-=Vortex Model (Helicopter and Initial Conversion Modes)

When the rotor has a small incidence angle with respect to the free stream
(less than 30°), the wake rapidly rolls up into two concentrated vortices similar to the

tip vortices of a monoplane wing (References 39 and 40).

On this basis, the wake model chosen for the helicopter mode of tilt rotor
flight consists of two vortices trailed from the ends of the lateral diameter of the rotor
disk, as shown in Figure 6(a). The strength of the vortices is obtained by assuming
that the rotor behaves as an elliptical monoplane wing of span 2R (the Glauert hypothesis)

whose lift, i.e., thrust, T, is given by

R 2
T = v f ro[l-(?'-)] dy @)
. R

U Su—

PY

where
& = air density
V = flight velocity
I', = mid-span value of elliptical circulation distribution
' y = spanwise coordinate measured from mid-span
R = rotor radius
ﬁ
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(b) Resultant Flow Velocity
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! Figure 6, Two-Vortex Model,
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Making the transformation y = Rcos®, dy = -Rsin® d 8, the thrust becomes

j—
1l

TT
pVT_R J sin2 6 do
0

; pVI"oR

(3)

Then the strength of the trailing vortices is given by the strength of the mid-span

circulation, i.e.,

T oVR
2

(4)

In the far wake the two vortices are assumed to be convected downward at

one-half the local downwash velocity, due to vortex sheet oll-up effects, as suggested

by the results on page 45 of Reference 39. The resultant flow velocity is then given by

the vector (see Figure 6(b))

V' o= [(V+2v cosaR), (v sin aR)]

(3)

where, from Reference 41, page 185, the induced velocity, v, is

B CTQR
v =
2 [pz + )\2]]/2
and
~ VsinaR
p & —
R
Vecosa, + v
A = R

QR
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This model is assumed to be valid for the following conditions:

. V = 0to 130 knots
o = 60 to 100 degrees
e Vortex Cylinder Mode! (Final Conversion and Cruise Modes)
When the rotor has a large incidence angle with respect to the free stream
(more than 279), the wake tends to assume the shape of a skewed cylinder of vor-
ticity (Reference 39).
On this basis, the wake model chosen for the final conversion mode of tilt
rotor flight consists of a skewed cylindrical surface of vorticity trailed from the edge
of the rotor disk, as shown in Figure 7. The steady-state vorticity distribution is
. obtained from the expression derived in Reference 42 for the bound vortex strength T of
one rotor blade:
ro= 21 (10)
2
pQR"b
where
Q = rotor rotational speed
b = number of rotor blades
Then the vorticity distribution on the surface of the cylinder is given by
br
r
I (1)
dx Ax
‘ where Ax = length of vortex cylinder generated during one revolution of the rotor,

and measured along the axis of the cylinder.
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(a) Wake Geometry

(b) Resultant Flow Velocity

Figure 7. Vortex Cylinder Model,
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Also, it is noted that
Ax = V" At (12)

where V" denotes the mean convection velocity of the far wake and At = 2n for one

rotor revolution,

Therefore, Equation {11) becomes

dr _ bI'OQ
dx 2ny"
T
= 5 (13)
PWR v"

The ccnvection velocity of the portion of the vortex cylinder in the far wake

ic given by the vector (see Figure 7).

V" = [(V + 2v cos aR), (2v sin aR) ] (14)

where v is given by Equation (6).

This model is assumed to be valid for the following conditions:

v

130 knsis to V
max

@p 0 to 60 degrees
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SECTION 5

INCOMPRESSIBLE POTENTIAL AERODYNAMICS FOR
WING-FUSELAGE-TAIL-ROTOR WAKE INTERFERENCE

In this section, the general formulation for incompressible potential aerody~
namics for separcted flows is presented. It may be worth noting that for incompressible
fluids potential flows are obtained if the fluid is inviscid and the velocity flow field is
irrotational at time t = 0. Accordingly, these hypotheses are invoked here. Since the
analysis of rotors was not included in previous descriptions of the formulation for SUSSA
ACTS (References 43 through 47), a new formulation is presented here, starting from

basic principles.

5.1 INCOMPRESSIBLE INVISCID FLOWS

Assuming the fluid to be [l]* inviscid, and [2] incompressibie, the motion is

governed by the Euler equations

<i+\7-v>V=-‘_ Vp (15)
3 P
t

and the continuity equation (for incompressible fluid)

V-V=0 (16)

where V is the velocity vector with respect to a prescribed frame of reference, p is

the pressure, p the (constant) density, t the time, whereas

V12 478 4k (17)

is the del operator. Equations (15) and (16) form a system of four partial differential

equations for tour unknowns Vx’ Vy' Vz, and p.

*Numbers in brackets indicate new hypotheses introduced in the formulation,
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In order to complete the formulation of the problera, the boundary conditions
at infinity on the body and on the wake must be obtc d. Here it will be assumed that
[3] the unperturbed flow consists of uniform translation, say in the x-axis direction.

Hence, the boundary condition at infinity may be written as

V=ur1 (18)

@
In particular U_ = 0 for helicopters in hover.

On the body it is assumed that [4] the surface of the body is impermeable,
i.e., the normal components of the velocity, V, of the fluid, and of the velocity, \_/B,

of the body coincide on a point, P, on the surface, Y of the body:

v - \73) “n=0 (for Pon EB) 19)

where n is the normal to ZB at P.

Next consider the boundary condition on the wake for lifting bodies. Here
it is assumed that [5] the body has certain separation lines (in porticular sharp trailing
edges) and that the velocity flow field has surfaces of discontinuity (wakes) emanating )
from these separation lines (or trailing edges). Indicating with 1 and 2 the two sides

of the wake, let n be the outward normal on side 1 and let

Af=fl-f2

(20)
indicate the discontinuity of any functions, f, across the wake surface. (For the classi-
cal wing-wake, 1 and Z correspond to upper and lower sides, respectively; n is the upper

nornal and Af = f ). The boundary condition on the wake=-surface, Ly

-f
upper lower

is that there is no pressure discontinuity on a point, P, on the wake
Ap = 0 (for P on EW) 21

This condition can be expressed more conveniently in terms of the velocity

discontinuity; however, this requires the introduction of the concept of Lamb surfaces.

-30 -
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These surfaces may be avoided in the case of potential flow and, therefore, the

boundary condition is given here for potential flows only.

Equations (15), (16), (18), (19), and (21) completely define the problem in

terms of four partial differential equations for four unknowns Vx, Vy' \fz and p, with

IR LI allolanay 1 L T SR e
s -

the corresponding boundary conditions.

5.2 DIFFERENTIAL FORMULATION FOR INCOMPRESSIBLE POTENTIAL FLOWS

In the preceding section, the flow was assumed to be [1] incompressible, and
[2] inviscid. Next, assume [6] the flow to be initially irrotational: then the flow re-

mains irrotational at all times and, therefore, there exists a potential function, &, such that

V =vVe . 22)

In this case, Equation (15) may be integrated to yield Bernoulli's theorem*

v = P
a_?;+.'_,V§|2+E=l U2 + 2 (23)
at 2 o 2 %
. The constant on the right hand side is obtained from the conditicns at infini:/,

Equation (18).

Furthermore, Equation (16) may be rewritten as

Ve = 0 (24)

*The x-derivative of Equation (23) yields

- 2 2
2 a£+l—l\7¢>|2+£ -2 (3% .09 3% 0% 0@
ax \at+ 2 p dt |ax  dx ax2 dy Oxdy
’ 3¢ 3% 12| (2 o & 13
+ 22 +~ P = 4+V:.F\lv +1 % =9
. dz Oxdz p Ox ot X p Ox

in agreement with the first compcaent of Equation (15),

-3] -
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where V2 is the Laplacian operator,
Similarly, Equation (18) is equivalent to

& = U x (for P at ) (25)

while Equation (19) may be rewritten as

% _ ¢

26
- B (26)

Next consider the boundary condition on the wake, Equation (21). Combin-

ing Equations (21) and (23) yields

_:T (¢, - 8,) + ;_ (Vo, -Ve, - V&, - V&,) = 0 (27)
or

(_a_ - .\7) A%= 0 (28)

ot
where

AR =&, - &, (29)
whereas

Vy = ;. (%] +\'7<1>2) = ;_ (\7] + \72) (30)

is the average value of the velocity: this average value may be attributed to the point,

Pw’ on the wake. Equotion (28) may thus be intarpreted as
Ad (Pw) = constant in time (31)

where P is the physical point of the wake being convected with velocity \7A. Note that

Equation (28) implies that the wake is tangent to \7A. In particular, in the steady state,



s,
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the wake is composed of the streamlines of the points P, emonating from the trailing edges
or other separation lines. Equation (24) is o partial differential equation for & with bouna-
ary conditions given by Equations (25), (26), and (28). Once & is known the velocity is
siven by Equation (22) while the pressure is obtained from Equation (23). It may be worth
noting that the potential aerodynomics formulation considered in this section is consider-
ably simnler than the formulation based upon physical variables (V and p) since the former

gives one linear partial differential equation instead of four nonlinear ones.

5.3 PERTURBATION POTENTIAL

In order to use the Green theorem approach, it is convenient to have honio-
geneous boundary conditions at infinity. This can be accomplished by introducing the

perturbation potential ¢, related to the potential & by

¢=U x +¢ (32)

a

Then, Equction (24) yields

V2o = 0 (33)

while the condition at infinity, Equation (25,, becomes homogeneous
p =0 (for P at ) (34)
On the other hand, combining Equations (26) ond (32), the boundary condi-

tion on the body is now given by

T (35)

whereas, on the wake (see Equations (28) and (31))

(%+\7A-\7) Ap =0 (36)

GE 18
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or

Ay (Pw) = constant in time (37)

Furthermore, once ¢ is known, the perturbation velocity
v =9y (38)
may be evaluated and then the velocity is given by

\7=uwT+'v (39)

Accordingly, the Bernoulli theorem may be rewritten as

- P
|Fe)2+ R == (40)

P P

% 4y %o,

At © 3x

N —

It may be worth noting that the above equations could be obtained in a
slightly different way, i.e., by assuming the frame of reference connected with the
undisturbed air: the velocity of the body in such a frame of reference would be given

by -Um-i + V,, in agreement with Equation (35).

BI

5.4 GREEN'S FORMULA FOR LAPLACE'S EQUATION

Consider two arbitrary functions f and g and note that

J-(6Vg) =VF- Vg + f¥g

- - - - 2

V-@vf)=vg- vf+gavf (41)
or

- - _n o2 2

V- (fvg ~gvf) = fy°g ~gvf (42)

According to the Gauss thzorem, for any arbitrary vector a,

-34 -
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_mﬁ-advi:@o-adz (43)
V.

$ where T surrounds Vi and n is the inward directed normal (Figure 8), Combining

Equations (42) and (43) yields

e TP W T AR T R NN AR S o PRI X R

Z = SURFACE OF BODY

n = NDRMAL TO SURFACE

Vi = INTERNAL VOLUME

Figure 8, Geometry for Green's Formula for Vi Internal to T .

.[”(fvzg - gv2 ) dv =@(f§9 -gVf - ndz
v, 4

=@ (fﬁ_ga_f)dz (44)
4 dn n

Next assume that both f and g satisfy the Laplace equation, i.e.,

Vi=vg=0  (inV) (45)

» Then Equation (44) yields
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@(Eg-gif)dr.:o (46)
an on
T

which is the desired Green's formula for the Laplace equation,

Next choose the function g to be the simplest function which satisfies the
Laplace equation: if g is only a function of the distance, r, from a specified point,

P., then the only such function that satisifes the Laplace equation is

+ B (47)

where

|P-P.] (48)

..,
]

Note that P, must be outside the volume, V;; otherwise Equation (45) is not satisfied

at P, . Note also that the value of B does not affect Equation (46) under the condition

@?f. dz = 0 (49)

which is obtained from Equation (46) with g = 1. Therefore, the convenient value
B = 0 is used here. For this case the function g represents a source. It is convenient
to choose A such that g represents a unit source; that is, a source with flux equal to

one. This is obtained with A = =1/4n  i,e, *

*For, in this case, the flux through a spherical surface of radius R, is given by

HJ-de=HE§ ag o= L 4nR? =
T T or r=R 41'rR2
-36_
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g =-— (50)

Combining Equations (46) and (50) one obtains the desired Green formula for

the Laplace equation

@[fe_ (_l)a_f (_-l_)]dz=o 51)
an 4ny an 4nr

5.5 GREEN'S THEOREM FOR 1'"NCOMPRESSIBLE
POTENTIAL AZRODYNAMICS

In order to obtain the Green theorem for incompressible aerodynamics
(Laplace's equation for the exterior problem, i.e., for \A outside the surface EO),
it is convenient to consider the surface T composed of three branches as indicated
in Figure 9. Note that the inward normal for Vi is outward to 20 . I isa
spherical surfuce of rad” - und center P, , while =5 is a spherical surface of

radius RE and cenicr P, .
2

Then Equation (51), for f = ¢, reduces to
@ 0 2 (-"_)-B_CP ('_‘) dr = 0 (52)
on 4nr an \4nr

Note that as the radius ¢ of I, goes to zero

ORIGINAL PAGE 18
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Figure 9. Geometry for Green's Theorem for Potential
Aerodynamics of Incompressible Flows.
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*
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——
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»*

under the conditionsT

lim ¢ =0 (55)

- ®
RZZ

Tit is verified posteriori (Equations (67) and (68)) that these conditions are
satisfied.
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B

lim 29 =0 56
im " R“:2 (56)

", ®
2
Therefora, as e tends to zero ond Rz:2 tends to infinity, Equation (52),

according to Equations (53) and (54), yields

o = (f o el B (_'_‘_) dzg (57)
dn \4nr dn \4nr
Zo
It may be worth noting that if the point P, is inside o then there is no

need for the surface £, and, therefore, in this case Equation (52) yields simply

_ dp [ -1 3 -1
0 = a4 - — [—-— d 58
i@ [an (4nr) ? dn (4nr> J %0 %)
0

Equations (57) and (58) may be combined by writing

- 3y -1 d -]
o = =t ([—) 9= [— d 59
i ? [an (411 r) ? 3n (411 r) ] %0 59

0

) ‘ 1 (P, outside ZO) 5
E, = E(P,) = 6
| o (P, inside I) (€0

Next let I, be identified with the surface surrounding the fuselage, rotor
and wakes emanating from the trailing edge of wing, tail and rotor blades. Then

T

Equation (59) may be rewritten as

AnEup, = - @ (-9-59 -]--cp-:—(-]—):!dz
n

v [an r
Z’B+E

R
" ﬂ ae > (l) dz 61)
\ ' ' dn \r
EW+2T+ZR

TNote that the wake surfaces TW, &1 and I, are open surfaces, The source integrals
on the wake surfaces are identically equal to zero since the values of 3¢ /3n on the
opposite sides of these surfaces are equal to zero.

T N RV ‘,'1;‘\“),«\{
- 40 _ (Jh" x»:“:“ ‘AL[\X)XX
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N
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where ZB is the (closed) surface of the body (wing-fuselage=tail), ER is the (closed)
surface of the rotor blades, Z.\'N is the (open) surface of the wing wake, Zfr is the (open)
surface of the tail wake and 2;( represents the wakes of the rotor klades. Furthermore

(see Equation (20)),
Ap = P TPy e

while n is the normal on the side 1 of the wake. Note that A is known from Eouation (37).

In addit'on if P, ison £, + £, then a: shown in Appendix C of Reference 45,

B R
E, = 1/2. Thus Equation {4N) may be rewritten as

1 (P, outside ZB + ZR)
E, = E(P,) = 1/2 (P, or Zp +ER)
0 (P, inside g +ZR) (63)

Note that on Zp and Ly dp,/dn is prescribed by the boundary conditions, Equation (35).
Thus, for P, on I, Equation (59) is an integral squation relating ¢ to the prescribed
d /3n . This equation is used to analyze the potential flow for interaction of fuseiage

and rotor,

5.6 CONDITIONS AT INFINITY

In this section Equations (55) and (56) are verified, Note that R. goes
2

to infinity, Zquation (57) yields

lim o, = lim @[:—‘: (Z-n]—r) -q;ain (Iﬁ)}dz

Rzz-»oo Rzz—’oa £
= lim _‘_@'i’ffdz-_‘_@cf'?‘dz
- Fon g 2T
=0 (64)
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since the flux through 20 is equal to zero, i.e.,

@ 30 9z = 0 (65)
an
while
lim @ ¢ L= dr = finite (66)
R = '
2
Equation (61) implies
¢ = <. O(r-3) at (67)
-
and
B_Qp = _D_ + O(r-4) at @ (68)
dn 3

r

in agreement with Equation (56).
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SECTION 6
INCOMPRESSIBLE POTENTIAL AERODYNAMICS FOR COMPLETE
CONFIGURATION WITH ACTUATOR DISK

The formulation presented in the preceding section is general and may be ap-
plied, in particular, to rotors. !t may be noted, however, that the rotor-fuselage inter-
action is an unsteady pericdic phenomenon. Periodicity is obtained when the rotor moves
through an angle equal to 2m divided by the number of blades, b. [f b goes to infinity,
the phenomenon becomes steady., Therefore, given the preliminary nature of the present
analysis, it is convenient to consider the limit of the rotor fuselage analysis as the num-
ber of blades goes to infinity. The model representing an infinite-blade rotor is called
an actuator disk. The medifications necessary to extend the formulation to include acty-
ator disks are presented in this section, For simplicity an actuator disk by itself is con-

sidered first. The extension to the complete configuration is considered in Subsectior. 6.3.

6.1 ACTUATOR DISK

Consider a rotor composed of b blades., Let b go to infinity, while the chord
of the blades goes to zero. As the aspect ratio of each blade goes to infinity, the
voiicity shed by each blade is more and more concentrated near the root and the tip of
the blade. In the limit, only tip vortices and one central vortex exists, Therefore, the

" actuator disk may be represented as o series of infinite biades with @ wake composed of
infinite vortices emanating from the tip of the blade and one udditional vortex emanat-
ing from the center of the disk. Thus, the flow field is potential cutside the surface Z.‘O

shown in Figure 10. Therefore, Equation (59) is applicable in this case, and yields

e, - -2 (;) o2 (;)] ar
z
D
+ @ A¢i(l) dz (69)
r
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T
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ACTUATOR DISK, Zp
INFINITE NUMBER OF BLADES

\Y\ CENTRAL VORTEX

TIP VORTEX

Figure 10. Surface I for Actuator Disk Analysis,
The Surface Surrounds the Actuator Disk,
the Central Vortex and the Shed Tip

Vortices.
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where Z, is a (closed) surface surrcunding the blades of the rotor and representing the
actuator disk, while }:b is the surface of the disk wake emanating from the circle
described by the rotor-blade tips and Z'B is a branch surface connecting the central
vortex to ZI') . It may be worth noting that Equation (69) is formally equal to

Equation (61). Therefore, the method presented in the preceding section is applicable
to actuator disks as well, The two differences are that 3¢p/3n cannot be obtained from
the usual boundary conditions on the surface of the body and that A ¢ on Z'B cannot be

determined. This last point is examined in Appendix B. The new boundury conditions

for actuator disk aerodynamics are presented in the next subsection,

6.2 ACTUATOR DISK BO'JNDARY CONDITIONS

The boundary condition on the rotor blade according to Equation (35) with

<)
I
ol
b
=1

B (70)
is
20 = (-U_T+hxT) -y @)
anB

where EB is the normal to the blade. On the other hand, the boundary conditions used
on the surface of the actuator disk are expressed in terms of the normal wash, 3¢/d np s
on the surface of the disk (see Figure 11). Therefore, the relationship between aq,/anB
and Bcp/BnDis necessary and is obtained here. Let ;B and ;D be the directions of the

components of the velocity tangential to the surface of the blade and the disk, respec-

tively. Then

n
S B B
“ng asB
= % 5 4 0% 3 (72)
dn D ds D
D D
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Figure 11. Boundary Conditions for the Actuator Disk. Zp is
the Surface Surrounding the Actuator Disk.
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Noyve that
3¢ =5¢'ED='§‘9—HB'HD+'B'(&?B'HD (73)
an an oS
D B B
and
ai:%,-s- =% 5 .5 +23%2 35 .3 (74)
D B D 8 D
asD ong asB

Eliminating aqp/BsB between Equations (73) and (74) yields

3p . 2p g Mp)bpcip) - Mg Sp)lp ) g e np g
= + L
anp  dng ?B .'ED —;B '?D 33y
=ansB.ansD§i+sB.n_Di(& 75)
?B -?D 3ng ?B -?D 3sp
Next note that
29 e - tan B (76)
dsp 3 np

where 8 is the angle between G¢ and F\'D. Therefore Equation (75) may be rewritten as

S e N N, XS, « Ny X S
852 I - B D tan 8 = B B D D i{E_ (77,
BnD

which is the desired relationship between 29 (necessary for the solution of the problem)
an
D
and 22 (known from the boundary conditions on the blade, Equation (71),
an
B

ORIGINAL PAGE IS
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Next consider a simpler expression for Equation (77): note that usually the

radial component of Vo is negligible. Then the configuration on a cylindrical surface

is represented in Figure 11, In this case

Ng X Sg ‘ansD =1
;B ';D = cosa (78)
;B 'BD = sina
and Equation (77) reduces to
::D i co]sa 1 - far]\atanp :,:PB (79)

where o is the angle of the blade section for a given angular position. *

The boundary condition on the actuator disk can be written in terms of rotor

parameters. |t is shown in Figure 11 that

vc
tan B =

(80)
S

anD

with v_ denoting the circumferential velocity component. The cloced line integral

of the velocity vector for the actuator disk yields an additional relationship (assuming

N

<o be independent of the circumferential location).

Ach =¢\7-d-s- =?nva

*|t is emphasized that different values of 2 in the boundary condition do not affect the
lift (thrust) on the rotor, although the flow through the disk is changed. The lift
(thrust) on the rotor is dependent upon the value of LLY i.e., the discontinuity of

the branch wake.
- 48 -
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where App represents the circumferential discontinuity on the branch wake. Combining

the above two equations yields

bog
tanpg = - (82)
2nR 39
E)nD

Hence, Equation (79) can be reduced to

dp 1 LS

BnD cos o -WB 27R

Under the assumptions used in Appendix C, the discontinuity, Ach, is proportional to

the thrust, T (see Equation C-1¢).

A, = -
B 1 9
- pQR

2

Therefore, the actuator disk boundary condition becomes

0 - 1 3% 4 _ T tne (85)

anD cos o anB ﬂpOR3

or (see Equation C~17)

e - _1 3% _ 1 aRima (86)

T
anD cos & anB 2

This is the desired expression which relates the boundary condition on the actuator

disk to the rotor thrust and the downwash on the rotor blades.
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Using classical blade element theory (Reference 41), the thrust coefficient
(for rotor with large inflow) can be obtained in terms of specific rotor parameters.
The exact relationship is given in Eq' ation (108). In obtaining this expression, the
profile drag is neglected, the angle of attack of the blade clement is represented by
its sine, and the pitch of a 'wisted blade is approximated by its value at three~quarter

radius.

6.3 FORMULATION FOR COMPLETE CONFIGURATION

Consider a surface, £, surrounding the aircraft and its wakes as well as the
actuator disk and its wake. Outside the surface £ the flow is potential and, therefore,

Equation (61) may be applied, with the surfaces of the disk & and of its wake,

D 4
Z'D replacing the surfaces of the rotor, Zp and its wake, ?k. Therefore, Equation (61)

may be rewritten as

4 Eups - l::— 1. ) a—(l)}dz
n - an r
FB+ED
" f qu:—(l) dx (87)
1 i b ] n r
)_'W+TT+ZD+ZB

The value of E, is given by the equivalent of Equation (3), i.e.,

1 for P, outside L, +T

B "D

E, = E(P,)=q 1/2for P, onFp + 7 (88)

0 for P, inside Tt Ip
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Note that on gy, 39/3n is prescribed by Equation (35), whereas on Iy,
dp/on = aq;/anD is given by Equation (79) with aq,/anB given by Equation (71).
Note also, that with the introduction of the steady state approximation accomplished

through the use of the actuator disk, Equation (37) simplifies considerably to yield
Ao (Pw) = constant along streamlines (89)

In addition, the geometry of the wake may be estimated as illustrated in
Subsection 4,2.3, Therefore, on Ty + Ip, Equation (87) is an integral equation
relating the unknown values of ¢ on the surfaces Ty and I,y to the corresponding
value of the known normal derivative 3¢/dn (normal wash). The numerical solution

of the integral equation is considered in Section 7,

-5 -
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SECTION 7
NUMERICAL FORMULATION

The ground formulation for incompressible potential aerodynamics was pre-
sented in Section 5. While the formulation is valid for fully unsteady aerodynamics,
considercble computer time saving is obtained by the use of steady-state aerodynamics,
which is achieved by replacing the rotor with an actuator disk (Subsection 6.1), The
irtegral equation for the complete configuration is given in Subsection 6.3. The numeri-

cal formulation for the solution of the integral equation is outlined in this section.

The surfaces of the aircraft, the actuator disk, and their wakes are divided
into small quadrilateral elements. Each element is replaced by a hyperboloidal surface
defined by the four corner points of the element, In this process, the continuity of the
surface is maintained. The unknown is assumed to be constant within each element and,

therefore, the integral equation is approximated by a system of algebraic equations.

7.1 APPROXIMATE ALGEBRAIC SYSTEM

The results of Section 6 may be summarized by saying that the problem of
incompressible potential aerodynamics for the complete actuator disk~aircraft configura-
tion is governed by the integral equation obtained by combining Equations (87) and (88)

on the body surface to obtain

8t %D
/.
\ ﬂ Ay & {l) dz (90)
1 1 1 [} an r
EW+2T+Z‘.D+EB \ /
FRECEDING PAGR BLARE NOT SRR
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In order to obtain an approximate solution for the integral equation, the

surfaces g Iy, E\'N’ E:I., and Z;) are divided into small quadrilateral elemunts, I
The values cf o and 3p/dn are assumed to be constant within each element. The
collocation method is then used, that is, Equation (90) is satistied at the centroids,

Phs of the element, Z, . This yields

(B = e = k! 1ot = o] {(‘Z‘f) } * Aoghy @1
k

where B 18 the Kronecker delta,

1 3 1
o = | o (1} g% 92
hk 2m _[( an (r) K" *2)
Ek -l
P*=Ph
B, = |- LT 93
e Rt o
h13 13
&y
P, =P,

In addition, Whic = 0 for the elements not in contact with the trailing edge, while for

the elements in contact with the trailing edge,

_ ] . 1 1
w202 ()
z n

P* =Ph

where Zl'( is the strip of the wake (bounded by two streamlines) emanating from the
element . The upper (lower) sign must be used for the upper (lower) side of the
wake. (In deriving Equation (91), the value of PTE is approximqte:i with the value
of ¢ at the centroid of the elements adjacent to the trailing edge. This is reasonable

in view of the Kutta condition,) Finally, A chW& with
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wd - |1 I{ 2 (l) dzy (95)
2n \ an r
Zp

P =P

i is the contribution of the branch wake. Note that A = A pp is constant on the
branch wake and, therefore, there is no need to divide Zé int> small elements, Note
that A pp cannot be determined (see Appendix B), but has to be prescribed. Therefore,

it is left on the right-hand side of Equation (?1),

As shown in Appendix B, Equation (91) has the determinant equal to zero;
to be more precise, one equation is a linear construction of the other, Therefore, in
order to find the solution, one equation is dropped and one unknown is set equcl to
zero. Then, Equction (91) can be solved nuinerically to yield the remaining values of
the unknowns, P - In all the results presented here, the pressure is obtained from the

Bernoulli theorem, Equaticn (40),

7.2 HYPERBOLOIDAL ELEMENT

The surface elements I, are approxima*ed by a hyperbolic paraboloid

(hyperboloidal element, Figure 12)

P = pg +Epy + NPy + EMpg (96)

where Bi are obtained in terms of the locatinns of the four corner points as

- -

Po 1 1 1 (5,
P 1 S B ..
] } _ ‘1? + (97)
‘ Py U P_.
P3 o 1 P
ORIGINAL PAGE 18
OF POOR QUALITY
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Note that quadrilateral hyperboloidal elements can be combined to yield a closed sur-

face. Using these elements, the coefficients hk ond bhk can k: evaluated analytically,

as

chk = lD(]']) -ID(]' -1) -ID(-]' ) + ID(-]' -1)
bhk = lS(], ]) ‘ls(‘, "i) "ls(‘], 1+ ls('], ‘])

with [using -r/2 < fon;] ()= n/2]
(€, 1) = (1/27) mn;'((?xa] TxaATIT -5 x5))

and (neglecting 3n/3€ and 3n/37M)

1 - -
IkE,M) = - — [-rxa,+n
S 2 |

where

(€M) =P -Py =PgtEP + Py EMpg -Fy

-(-]-‘ (.Eln) -

|
o
-
~N
o
M
i
e}
—
+
=
©
R

02 (gln)

dr/37

I
o
N
+
v
o
w

?\(g,ﬂ) = (;1] X 62)/'2‘] X 62'

ORIGINAL PAGF, 13
OF POOR QUALITY

similar expressions are used for Wi -
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SECTION 8
DETERMINATION OF FLIGHT CONDITIONS

The effects of the aerodynamic interference of the rotor wake and the cir-
craft on the stability and control characteristics of the tilt rotor aircraft are expected
to be important. In particular, the effect on the longitudinal trim of the aircraft,
especially through the transition and conversion mcdes, may be significant. Ir :he
trim condition, the total longitudinal forces and moments acting on the aircraft must
be in equilibrium, that is, they must sum to zero. For a given mast angle, flap setting,
and stabilizer incidence, the aircraft is trimmed by appropriate displacement of the

longitudinal and collective pitch controls.

Because of the complexity of the forces and moments on proprotor aircraft,
an iterative solution is usually required, in which the displacements of the controls
required for trim are first estimated, and then incrementally changed to achieve force
and moment equilibrium of the aircrafi within some acceptable range, say = 50 Ib or
ft-Ib from zerc. However, for the purpose of the present study, ar alternate method
of determining the trim conditions in the presence of aerodynamic interference was
selected. This method was based on incremental changes from a standard case in
order to estimate the values of collective pitch and rotor incidence for other flight
cases of particular interest, The standard case was based ori wind tunnel data of a tilt

rotor aircraft in the trimmed condition.

Estimates of collective pitch and rotor incidence under various ccnditions
of weight, altitude and flight path angle are made through an incremental analysis
based on this standard case (Subsection 8.2). This involves calculating the increments
in vehicle drag and rotor thrust coe. “icien! based on an assumed vehicle drag polar, and

the rotor blade mode ", The rotor blade model is based on the application of classical

REEICEDING PAGR BLANE NS A
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blade element theory to compute the thrust and flapping motion of a rotor with large

inflow (Subsection 8.1).

8.1 APPROXIMATE ANALYCIS OF THE THRUST AND FLAPPING

MOTION OF ROTORS 'VITH LARGE INFLOW

Applying classical blade element theory to the section of rotor blade shown

in Figure 13, neglecting the effect of profile drag, and assuming that the angle of

attack of the blade element can be represented by its sine, and that the pitch of a

ZERO LIFT LINE

dL

TiP PATH PLANE

-

Figure 13. Typical Blade Element at Radius, 0.75R.

twisted blade can be represented by its value at three—quarter redius, the rotor thrust

perpendicular to the tip path plane can be expressed as:

2n R

b

T = —- J J_ L] U2 acsin [@0.75-¢] cos pdrd ¥

2n 0 02

where
b = number of blades
p = air density
2

U = resultant air velocity = [Up + U

U = AGR + pﬂRBo cos ¥

Ur = 0r + pQR sin §

-60 -
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U _sini + v
inflow ratio =

QR
U_cosi

advance ratio =

QR
rotor incidence angle C
rotor induced velocity (assumed constant) = T

T 2[,24,2]"7

rotor thrust coefficient = — H

orr RZ (QR)2

rotor rotational speed
rotor radius

blade coning angle

radius to blade element
blade lift curve slope

biade chord, assumed constant

- blade pitch ot three—quarter radius

® +9 cos¢+9] sin ¥

0.75 1

[+ S

blade collective pitch at three—quarter radius

blade lateral cyclic pitch

blade longitudinal cyclic piich

blade azimuth angle

b

blade inflow angle = sin”~'

c &
Q
O
9

Expanding and substituting for cos ¢ and sin ¢ ,

T=2_ f J’ L ac [U sin® -U U_cos® ]dr v (107)
o ) - T 0.75 “p°T 0.75

GE IS
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Nondimensionalizing the thrust expression by anz(QR)z, and integrating, the thrust

coefficient is obtained:

sin@ uel
_ oa 0.75 3 2 s .
CT = -5— [—3-— (‘ + -2— u ) + T (COS 90.75 + A sin 90.75) )
’:',\‘ cos °o.75] (108)
Z

where the solidity, o, of c rotor is defined as the ratio of the total blade area to the

rotor dik area, For rectangular blades,

beR be (109)

All quantities are referred to the tip path plane.

Applying blade element theory in the same manner as for thrust, and assuming
negligible spring restraint about the flapping hinge, the equation for equilibrium of a

sing'e blade about the flapping hinge is
R
2, _ P . _ \
1,08, = / 5 U2 acr| U% sin 8y 75 UpUT cos 80.75] dr  (130)
0

where I1 = blade moment of inertia about flapping hinge .

Nondimensionalizing the flapping expression by IIQZ, integrating, and oquating like
harmonics, the equilibrium blade coning angle and cyclic pitch with respect to the tip

path plane cre obtained:

sin @ l"'el
Y 0.75 2 $ 3. . :
B = L]l——=Z (1 +u)+—= [cos® += Asind
o 2[ 4 3 0.75 4 0.75
-} cosg (111) ?
3 0.75
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0, = 5 o (12)

_8 3 ]
' o .3 P85} 3
P T - 1)

s + 2 poot 3 tan 0.75

in determining the equilibrium of the aircraft as a whole, it is necessary to
determine the flapping of the blades with respect to the hub plane. [t can be shown by

an analysis similar to that described above, that the following relationships exist:

1

% - T 1 By, =9 (114)
‘b, 3M"%.g5 e ©
1+ 1.2
2 M
1
0 + B =9 (115)
]s = Atan 'c ]s
HP 1+ 3 0.75 HP
1+ 32
2 ¥
where
B, = blade lateral flapping angle with respect to hub plane
*HP
% = blade lateral cyclic pitch angle with respect to hub plane
“Hp
By = blade longitudinal flapping angle with respect to hub plane
°HP
91 = blade longitudinal cyclic pitch angle with respect to

P hub plane

and all other quantities are referred to the tip path plane.
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8.2 SELECTION OF FLIGHT CASES FOR ANALYSIS
INCLUDING ESTIMATED VALUES OF COLLECTIVE
PITCH AND ROTOR INCIDENCE FOR TRIM

In studying aerodynamic interference effects on tilt rotor aircraft, it is first
necessary to establish ‘rim condi*ions for the various flight cases of interest. Parameters

to be varied are gross weight, altitude, climb angle, and center-of -gravity position.

During flight, a typical proprotor aircraft has three distinctly different modes

of operation:

° Helicopter mode.
™ Conversion mode,

° Cruise modz,

Each of these modes requies a different configuration of the aircraft, i.e., a different
range of mast angles for the rotors, Of particular interest is the conversion mode,
since the most significant interference between the rotor wakes and the horizontal

tailplane occurs during this mode.

A typical flight profile for a typical tilt rotor aircraft, the NASA/Army/
Bell XV-15, is shown in Figure 19 of Reference 48 for the standard case of 13,000 b
gross weight, trimmed level fiight at sea level, and aft center of gravity. Figures 14,
15, 16, and 17 show the variation of rotor speed, rotor attitude, rotor thrust coeffi-
cient, end biade collective pitch with forward speed for this standord case as given in

the reference. Note that rotor incidence is related to rotor attitude by the relation

R (116)
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Figure 16. Rotor Thiust Coefficient versus Airspeed.
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It is desired to estimate the values of collective pitch and rotor incidence for
other flight cases of part'cular interest in the study of aerodynamic interference effects.

This can be done on an incremental basis with respect to the standard case.

Consider the effect of varying gross weight, altitude, and climb angle on

rotor attitude and collective pitch:

o Gross Weight

During conversion in the standard flight case, it is assumed thot the aircraft
is operated near its maximum lift-drag ratio and with a lift coefficient near unity. These

conditions imply a drag polar of the form

Cp = a(1+cf) (117)

Now consider the change of drag coefficient resulting from the change of lift required by a

change in gross weight:

Cp *+ AC, = a [+ (CL+ACL)2]

[ 2

= a {1+ (Cf +2¢, AC +Acf)] (118)

2
~ a(l +CL) + 2c|CL ACL

. ACy ~2aC  AC, (119)
ACy 2cL2 ac,
~ L (120)
2
¢y 1+¢? ¢
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It is seen that for original lift coefficients close to unity, the percent change in drag
coefficient is nearly equal to the percent change in lift coefficient, Therefore, to
maintain equilibrium along the flight path, only a change in thrust, i.e., collective

pitch, is required. No change in rotor attitude is necessary.

The required change in thrust coefficient is

W2
Wy

AC, =C

I - (121)

T
o Altitude
Consider the change of drag coefficient resulting from the change of lift

coefficient required by a change in altitude, i.e., air density, As for changes in

gross weight, the percent change in drag is nearly equal to the percent change in lift,

Therefore, only a change in thrust, i.e., collective pitch, is required:

Py

. -1 (122)

°2
e Climb Angle

During climb or descent at angle v to the horizontal, there is an incre-

mental drag force given by

AD = Wsiny (123)

where

=
H

aircraft gross weight

angle of climb (+) or descent (-)

<
i
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Since there is only a negligible change in lift required during clinb, a change in rotor
attitude is required to maintain equilibrium along the flight path. In addition, a change

in thrust, i.e., collective pitch, is required.

Consider the requirements for equilibrium along the flight path, The incre-

mental component of thrust coefficient along the flight path is given by

ACy = (CT + A CT) cos (aR - AozR) - CT cosap (124)
The corresponding incremental component of thrust coefficient perpendicular to the flight
path is given by

AC, = (CT + A CT) sin (aR = Aop) - Cysinap .(125)

Since the change in C5 is negligible, set A Cz= 0:

CT sin @p
S.CtACT = (126)
T T .
sin (aR - A ozR)

[- sin ap
ACT = C -1 (127)
Lsin (g = Aap)

Substituting into the expression for ACy:

sin @p
C, = C - C, cosa (128)
X T tan (orR - AaR) T R
sin op
.. tan (cvR - A(xR) = (129)
L -
X,
cos oy
Cr
1o
INAL PA
oo i
- 69 -
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where

AC, = _Wsiny (130)
on R @R)?
Equation (129) can be solved for (arR - AaR) and then Equation (124) yields ACT'
The change in collective pitch A8, 75 required by a change in thrust coeffi-

cient ACT can be obtained from the thrust expression (Eauation (108)),

sin 6
o 0.75 3 2)
CT = __0_ ———— ] + — H

2 3 2/

pels {cos 60.75 + X sin 90.75)

N | —

A
- ; C0580.75:l (131)

Setting Cp = Cy + ACT ard 8 5= =84 o5 + A8, o, and assuming smoil A8y e,

the incremental thrus: coetficient is

rcose
ac, ~ 2o | 2078 (Hapz
2 3 2
sin 84 75 oa
+ —-—2-—— A A90.75 - T AX cos 90.75 (132)

and the required relation batween ACT and A 90 25 is obtainad.
Equatiors (121), (122), (127), and (129) were opplied to the calculation of

the required thrust cocfficients ad rotor attitudes in the following equilibrium fligat

conditions:
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W = 10,000, 13,000 and 15,000 b, v = C°, h = 0 ft
W = 13,000 1b, v = 0°, h = 10,000 ft
W = 13,000 1b, vy = £10°, h =0

The results are shown in Figure 15 and 16,

Equation (13?) was used to calculate the required values of collective pitch

for the various flight cenditions. Results were shown in Figure 17 and in Table 5 below:

Table 5. Trim Values of Rotor Attitude and Cellective Pitch.

AEROSPACE BYSTEMS, INC.

W (Ib) Y (aeg) h (ft) T{ V (kt) ap (deg) 0.75 (deg)
— l :
13000 0 0 20 4.4 7.35
100 66.3 9.57
120 35.6 18.2
140 1.8 24,2
13000 10 0 80 73.9 10.4
;10 49.7 14.9
120 21.2 22.0
140 1.8 25.5
13000 -10 0 80 95.3 4.53
100 88.2 3.15
120 78.1 10.0
T40 1.8 23.0
13000 0 10000 80 84.4 10.1
100 66.3 10.9
120 35.6 18.9
140 1.8 24.6
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- YA B
ORYGTNP;{’QUMIN

-/I—

ONE VINE BROOK PARK ¢ BURLINZTON, MASSACHUSETTE 01803 » (817) @78-7817

b

S



SECTION 9
RESULTS

The formulation presented in Sections 6 and 7 was ircorporated into a
cemputer program to investigate the cerodynomic effects of tilt rotor aircraft, In partic-
uvlar, the problem ot the rotor wake interaction effects for the XV-15 aircroft at various
flight corditions was studied. Typical numerical results, showing the feasibility of the

present method, ar> discussed in this section,

The geometry of the tilt -otor aircraft used is shown in Figure 18. Due
to the preliminary ncture of this study, the aerodynamic interference effects on tte
horizontal tail are assumcd to be caused principully by the rotor wake, with nacelle
aerodynamics con‘ributions being cf a secondery nature. Therefore, the geometry of
the engine nccelles has been omitted as seen in Figure 18, Moreover, an infinite-

blac': rotor, i.e., cctuaior disk, is used.

To stuay the convergence of the numerical method, the case of the tilt-
rotor aircraft withcur *he aerodynamic interference effects on th. . tail wes investigated.
Specific.lly, « wir.g-tail configuration and an actuator disk were treated separately and
then combined for analvsis at the hover condirion., Also, the problem with intarference

effects was demonstrated for one flight zondition in the conversién mode.

9.1 CASE Wi™ NC INTERFERENCE

Convergence studies v.ere conducted to identify .1e approximate number of
aerodyr.amic elements required, In addition, tha overall vehic!. lift and pitching

moment coetficients were obtained,

9.1.1 CONVERGENCYF.

The results of a convergence study on a w.ug=tail configuration at an ungle

ot c*tock of 4,5° and airspeed of 80 knots without rotors are given in Figures 19, 20,
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Figure 18, Geometry of a Tilt Rotor Aircraft,
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and 21, Since only longitudinal siability was considered, aircraft symmetry between
the left and right sides was used. Hence, the number of elements chosen for the right-

hand side of the oircraft was:

« it ol

| Description Number of Elements :
Run Symbol Wing Tail Total
1 A 32 32 64
2 O 72 72 144
3 O 98 98 196

The variation of the potential difference A ¢ on the wing and tcil sections of the tilting
proprotor research aircraft at the root chord section (2+//b = 0) and the trailing edge
(x/c = 1) is presented in Figure 19. In oddition, the corresponding upper and lower
pressure distributions as well as the lift distributions along the wing and tail root chords
are shown in Figures 20 and 21, respectively. Because of the effect of the wing wake on
the horizontal tail when the wing ond tail are nearly coplanar, the pressure and the lift
on the tail converged slowly. For this wing-tail configuration, 196 finite elements

were determined to be sufficient for convergence.

A convergence study was also performed for a single actuator aisk. Results
fer 70, 96, ond 126 elements indicated that convergence was achieved for the actuator
disk model with 70 elements. To avoid possible inaccuracies in the total tilt rotor air-

craft problem, 96 elements were chosen for the actuator disk representation,

Results for the total vehicle problem, i.e., the wing-tail configuration with
actuator disk models, are presented in Figures 22, 23, and 24, For the purpose of this
study, the fuselage was assumed to contribute insignificantly to the aircraft lift and
pitching moinent and, therefore, it can be neglected, Similarly, the contribution of the
vertical tail to the langitudinal dynamics can also be neglected. To preclude interference

eftects on the horizontal tail, the case of the aircraft at hover condition, that is, with
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the nacelie incidence at 90°, was considered. The number of aerodynamic elements

vsed in the study is summarized as followss:

Description Number of Elements

_Run Symbol Wing Tai! Actuator Disk Total
] A 32 32 32 B 96
2 O 50 50 96 196
3 | O 70 | 70 96 235

The potential difference, A ¢, and pressures on the upper and lower surfaces of the wing
and tail are given in Figures 22 and 23, Again, the results show that the convergence
of the pressure distribution on the tail section is slow and this is due to the presence of
the wing wake on the tail. In oddition, the corresponding lift distribution on the wing

and tail is presented in Figure 24,

9.1.2 LIFT AND PITCHING MOMENT

Comparison of the lift distributions in Figures 21 and 24 shows that the
presence of the rotor produces an increase in the wing lift and o decrease in the tail
lift distribution. The wing-tail configuration without proprotor at cr: angle of attack of
4,5° and airspeed of 80 knots was found to yield very little lift as shown in Figure 25(a).
Also, a negative pitching moment (nose down) was obtained for this configuration
(Figure 25(b)). In evaluating the pitching moment about the oircraft center-of—gravity
position, some basic assumptions were used which affect the accuracy of the results.
The thrust vector was assumed to act through the center of gravity. In addition, only the
lift and induced drag on the wing and tail were used to determine the value of the pitch-
ing moment; that is, viscous drag (drag due to skin friction) was not included in the
analysis. This value can be obtained from wind tunnel tests of a tilting proprotor re-

search aircraft, und must be included if true trim conditions are to be calculated.,
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The lift coefficient for an actuator disk in hover with angular speed of
600 rpm is shown in Figure 26. The case of an actuator disk with no central core
vortex, i.e., Ach =0, is indicated by the square symbols. This represents the presence
of the vorticity shed by the rotor blades near the tip of each blade, that is, the rim
wake of an actuator disk. As expected from discussion in Section 6, the results show
that no lif* was obtained. In order to produce lift on the actuator disk, the formulation
must include a central vortex, i.e., A:pB # 0, and this is treated in Subsection 6.1. For
this case, the vorticity shed by each blade near the blade root as we'l as the tip was
considered. To ke exact, the wake is composed of infinite vortices emanating rom the
tip of the blade and one additional vortex emanating from the center of the disk. The
results for thic case are denoted by circles in Figure 26.  Furthermore, no pitching

moments about the actuaior disk were obtained for the hover case.

Next, the problem of the wing-tail-rotor configuration with nacelle incidence
at 90° was treated. The total lift and pitching moment around the aircraft center of
gravity are presented in Figure 27,  For this flight configuration, the presence of the
additional central vortex on the actuator disk yielded greater lift and larger nose-down
pitching moment on the tilting proprotor aircraft. Again, it it emphasized that the

visccus drag of the aircraft was not used in the computation.

9.2 INTERFERENCE EFFECTS

A study of the interference effects was conducted for the tilt rotor aircraft
in the conversion mode of flight with nacelle incidence set ar 60°, airspeed of 100
knots, rotor angular speed of 565 rpm, and a tail incidence of -1 .5°. For this
flight condition, the horizontal tuil was imbedded in the rotor wake. The variation
with angle of attack of the total vertical forcas on the aircraft is given in Figure

28(a).  Vertical eq ilibrium is achieved when the sum of the vertical forces is zero.
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For this configuration, vertical equilibrium was obtained with an angle of attack setting
at 2.3°. In oddition, the analysis of this same problem without the implementation of
the additional central vortex on the actuator disk vielded the required angle of attack

setting to be about 2°.

The effect of rotor wake interference on the tilting propt otor aircraft at this
flight configuration is presented in Figures 28(b) and (c). rhese results are for the
aircraft in the untrimmed condition and represent the change in the lift and pitching
moments of the aircraft with interference effects relative to the aircraft with no rotor '
wake interference effects, As seen in Figure 28(b), the total aircraft lift coefficient
was significantly decreased by the presence of interference effects. The reduction in
lift was less for the actuator disk with a central core vortex (CT = .0064). The rotal
aircrafi pitching moment in the nose down direction was significantly increased by the '
interference effects (Figure 28(c)). As seen in the figure, the addition of the central
vortex on the actuator disk yielded a small difference in the overall pitching moment

for this flight condition.
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_L AR = 6.12

. ] r =0.230
—f‘— c =525FT
2+ A Neiem = 64
r—b/2
) O Nelem = 144
S
4 X O Nelem = 196
(x/elwing
(a) Wing, Chordwise Direction, Root Chord
3~
& AR =6.12
c y t =2C.230
T c =5.25FT
2 b/2 A Nelem = 64
9 r Q Nelem = 144
<

x < Nelem = 196

o .2 .4 .6 .8 1.0
(Zy/b)w|NG

(b) Wing, Spai.wise Direction, Trailing Edge
Figure 19. Potential Difference, A ¢, Wing~Tail Combination,
No Rotor, Airspeed = 80kr. o = 4,59,
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t —— Y c = 3.92
2 |- ©
r. A Nelem = 64
2 ] b/2 L—— O Nelem = 144
x & Nelem = 196
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(¢) Tail, Chordwise Direction, Root Chord
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AR = 3.27
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S —»{ b/2 L— Q Nelem =144
<
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V- X
W, 0!
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0 i
0 2
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(d) Toil, Spanwise Direction, Trailing Edge

Figure 19. Potential Difference, Ay, Wing-~Tail Combination,
No Rotor, Airspeed =80 kt, o = 4.5°, (Concluded)
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A Nalem = 64
O Nelem = 144
O Nelem = 196
-4
(o) Wing, Upper Surface
4 —~
A Nelem = 64
QO Nelem = 144
O Nelem = 196

{b) Wing, Lower Surface

Figure 20. Pressure Distribution, Wing-Tail Combination,
No Rotor, Airspeed = 80 kt, o = 4,59,
Chordwise Direction, Root Chorc ,
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(c) Tail, Upper Surface
4 —~
A Nelem = 64
O Nelem = 144
2 { Nelem = 190
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'3)

(d) TYail, Lower Surface

Figure 20, Pressure Distribution, Wing-Tail Combination,
No Rotor, Airspeed =80 kt, o = 4,59,
Chordwise Direction, Root Chord. (Concluded)
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A Nelem = 64
3

O Nelem = 144

ONelem = 196

U\l
(X/C)me
(a) Wing
2~
A Nelem = 64
q O Nelem = 144
U‘l

("/c)TAlL

(b) Tail

Figure 21. Lift Distribution, Wing-Tail Combination, No Rotor,
Airspeed = 80 kt, o = 4,59, Chordwise Direction,
Root Chord.
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3O ar- 62
r = 0.230
c =525FT
2.0~ A Nelem = 96
O Nelem = 196
<$1  Nelem =236 A
J
. 1.0
(x/¢)winG
(a) Wing, Chordwise Direction, Root Chord
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2.0 |- A
6.12
3 r =0.230 .
c = 5.25FT {
1.or A Nelem = 96 ¢
O Nelem = 196 )
{ Neten, = 236
o . 1 1 .
0 2 4 .6 .8 v
(2y/b) wing

(b) Wing, Spanwise Direction, Trailing Edge

Figure 22, Potential Difference, A ¢, Wing=Tail-Rotor Configuration,
Airspeed = 80 kt, o = 4,59, Nacelle Incidence = 90°,
Angular Spend = 565 rpm.
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AR = 6.1 A Nelem = 96
T = 0.230 O Nelem = 196
. C = 525FT O Nalem = 236
a 'r
(X/C)TAIL
(¢) Tail, Chordwise Direc-ion, Root Chord
2r
AR = 6.12 A Nelem = 96
T = 0.230 O Nelem = 196
. C : 525FT O Nelem = 236
|
q

ob=—x TR0 O,
0 .C .4 .6 £ 1.0

(2y/b) g,

(d) Tail, Sprawise Direction, Trailing Edge

.igure 22, Potential Difference, A, Wing-Tati-Rotor Configuration,
Airspeed = 80 kt, o = 4.5, Nacelle Inzidence = 90°,
Angular Speed = 565 rpm. (Concluded)

2 18
ORIGINAL PAGE

AEROOPACE BYSTEMS, INC., ¢« ONE VINE BRODOK PARK s BURLINGTON, MASSACHUSBSETTB o '3 +°(817) R7R-7847

P T
|



-2
(&
A
A Nelem = 96
O
~ O Ne'~m = 196
—31;_5 Cr Nelem = 236
—-q L

(@) Wing, Upper Surface
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(b) Wing, Lower Surface

rigure 23. Pressure Distribution, Wirg~Tail-Rotor Configuration Alrspeed = 80 kt,
o =4,59, Nacelle Incidence = 909, Angular Speed : 565 rpm,
Chordwise Direction, Root Chora,
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Figure 23. Pressure Distribution, Wing-Tail-Rotor Configuration, Airspeed = 80 kt,

a =4,5°, Nacelle Incidence = 90°, Angular Soeed = 565 rpm,
Chordwise Direction, Root Chord, (Conclude
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(b) Tail
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Figure 24. Lift Distribution . Wing-Tail-Rotor Configuration, Airspeed = 80 kt,
o = 4.5°, iNace le [ncidence = 90°, Angulor Speed = 565 rpm,
Chordwise Direciion, Rnot Chord.
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Figure 25, Aerodynamic Coefficients as Function of Number of
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Figure 26, Lift Coefficient on Actuator Disk as Function of
Number of Elements, Angular Speed = 600 rpm,
Mast Angle = 90°,
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(b) Pitching Moment Coefficient

Figure 27. Aerodynamic Coefficients as Function of Number of Elements,

Wing-~Tail-Rotor Configuration, Airspeed = 80 kt, o = 4,59,
Nacelle Incidence = 90°, Angular Speed = 565 rpm.
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Figure 28. Interference Effects for Conversion Mode, Wing-Tail-Rotor
Configuration, Airspeed =100 kt, Tail Incidence = 1,59,
Nacelle Incidence = 60°, Angular Speed = 565 rpm.
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Figure 28, Interference Effects for Conversion Mode, Wing-Tail-Rotor
Configuration, Airspeed = 100 kt, Taii Incidence = -1,5°,
Nacelle Incidence = 60°, Angular Speed = 565 rpm.
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SECTION 10
CONCLUSIONS AND RECOMMENDATIONS

The theoretical methodology and corresponding numerical procedure for the
evaluation of rotor-aircraft aerodynamics have been formulated. Results were obtained
for @ wing=-body-rotor configuration of the XV-15 tilting proprotor aircraft ot various
flight conditions and they are presented in Sectior. 9. Concluding remarks on the present
study are summarized in Subsection 10,1, Based on the results obtained, the areas

recommended fcr future research are identified in Subsection 10,2,

10.1 CONCLUSIONS

The purpose of this investigation was to demonstrate the feasibility and flexi-
bility of a computer method to study the rotor-aircraft aerodynamics with special atten-
tion given to the rotor wake interference effects on tilting proprotor research aircraft,

Due to the preliminry nature of the study, the geometry of the fuselage, engine nacelles,
and vertical stabilizers were not included in the analysis. Furthermore, the presence
of the viscous drag on the aircraft was not included in the pitching moment calcula-

tion.

The numerical technique used in this investigation indicated a good rate of
convergence with the possible exception of the pressure on the tail. This was wue to the
effect of the wing wake on the tail. The subject of coplanar wuke interference is
treated in great detail in Reference 49. For the flight configurations explored in this
study, the effects of the rotor wake interference on the XV-15 tilt rotor aircraft yielded

a reduction in the total lift and on increase in the nose~down pitching moment,

In order to extend the existing theoretical formulation to include actuator
disk aerodynamics, new concepts were developed. As shown in Appendix B, the tilt

rotor aircraft problem yielded a system of algebraic equations with zero determinant,

ORIGINAL PAGE IS ARBCEDING PAGE RANR HOT MNP
OF POOR QUALITY - 95 -

ABROSPACE SYBTEMS, INC. ¢ ONE VINE BRODK PARK ¢ BUARLINGTON, MAGSACHUSETTS O1803 ¢+ (817) a7@-7817



——

RN .
-,

It must be emphasized that the problem of zern determinant is encountered whenever the
wake separates the flow field into two regimes and is not peculiar to the actuator disk,
The problem also occurs with the aerodynamics of blunt fuselage configurations as well
as with cerodynamics of buildings. Also, in solving the problem with the actuator disk,
the strength of the branch wake, A (pgs My assume any value and cannot be determined
explicitly in general, In Appendix C it is shown that A pg can be prescribed as a func-
tion of rotor thrust. In addition to exploration of the problem being singuiar, new

boundary conditions for the actuator disk were formulated and discussed in Section 6.

10.2 RECOMMENDATIONS FOR FUTURE RESEARCH

The feasibility and flexibility of a computer method to study rotor wake intei =
ference effects on the XV =135 aircraft have been demonstrated., The computer program
can easily be extended for analysis of more complex problems such as helicopter and
other VTOL configurations, It is emphasized that the only required inputs to the program
are the locations of the corner points of the aerodynamic elements and certain specifica-
tions to the problem, i.e., Mach number, rotor angulor speed, angle of attack, and
rotor thrust for the actuator disk. In addition, the geometry of the wake is automatically
generated, It is also of particular importance to the user that the program is extremely
easy to use because familiarity with the specific method is thus not required. Present
outputs available from the computer program include the aerodynamic coefficients, i.e.,
lift, induced drag, and pitching moment as well as the pressure and velocity flow field

around the configuration.

It is emphasized that the use of an actuator disk model for the aircraft rotor
allows the study of aerodynamic interference effects on the XV =15 tilting proprotor
aircraft, but does not allow the prediction of the lift on the rotor, The Green's formu~

lation for the actuator disk requires the strength of the branch woke on the disk to be
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prescribed as an input and this strength is proportional to the lift or thrust on the rotor,
Hence, to obtain the lifr on the rotor, a formulation with rotor blades can be developed

and included in the analysis.

More detailed study on the XV-15 tilt rotor aircraft con easily be undertaken

to obtain and assess the following:

) Effects of a rotor-blade model on the aircraft aerodynamic interference,
° Effects of vehicle configuration and speed on the longitudinal

trim,
i Sensitivity of the aerodynamic interference effects to variations in

aircraft gross weight and power.

° Effects of aerodynamic interference on the aircraft stability and
handling qualities and characteristics.

QOther areas for future investigation include;

° The case of fuliy unsteady incompressible flow can be analyzed. This
requires a srep-gy—sfep analysis in time: at each step a new geometry
of the wake is obtained from the tangency condition, while the shed-
vorticity intensity is known from preceding time histories, Also, the
actual geometry of the tilt rotor aircraft can be implemented, Since
the problem is unsteady, the actuator disk model is not required.

° The effect of the compressibility can also be included with special
attention given to the analysis of the singulor blade problem. This

reqi ire« an extensive modification of the procedure for incompressible
tiow,
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APPENDIX A
AERODYNAMIC POTENTIAL PROGRAM SUSSA ACTS

Computer program SUSSA ACTS (Steady and Unsteady Subsonic and Super-
sonic Aerodynamics for Aerospace Complex Transportation Systems) implements the
method of Morino (References 27 to 29 and 43 to 46). This program is very flexible,
simple to use, and modular. The geometry is definzd in one section, while a second
part evaluates the normal wash, the poiential, the sressure coefficient, and the aero-
dynamic coefficients (lift, moment, and generalized-force coefficients). Moreover, the
user need not be familiar with the aerodynamic portion of the program, unlike other
sop-isticated aerodynamic programs in which the choice for the combination of various
panels (sources, double’s, vortices) is an art which requires considerable undersianding
of the method. Another advantage of SUSSA ACTS is that the paneling used for the
aerodynamics is completely arbitrary and, thzrefore, may coincide with the one used
for the structural analysis, 'rThese attributes of the program maoke the method extremely
efficient from a practical point of view, Finally, the method is both accurate and

fast, despite the fact that no effort has yet been made to minimize the computation time

(see References 29, 44, and 46). Other important features of SUSSA ACTS ore:

° Inclusion of control surface mode shapes (i.e., surface rotation).
° Option to compute aerodynamic ferces caused by turbulence,

° Computation of downwash from arbitrary mcdes,

. Geomeiry preprocessor for conventional wing-body-tail

combination,

Option to cempute low-frequency (quesi-steady aerodynamic
coefficients),

A flow diagram of SUSSA ACTS is presented in Figure A=1. The sub-

routines which perform the indicated functions are denoted in the appropriate biocks.
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Figure A-1. Program SUSSA ACTS.
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AEROSPACE SYSTEMS,

Basically, SUSSA ACTS performs iwo separate functions: one is the definition of the
aerodynamic paneling on the aircraft, and the second is the computation of the aero-
dynamic potential and pressure distributions and the determinaiion of the aerodynamic
force coefficients. The aerodynamic paneling can be accomplished manually by inputing
the coordinates of the corner points of all selected aerodynamic panels, or by using a
geomeiry preprocessor, A geometry preprocessor for conventional wing-body-tail con-
figurations is incorporated in SUSSA ACTS (Reference 47). Given the aircraft con-
figuration geometry, the preprocessor computes the corner point locetions of required

aerodynamic panels for the wing-body-tail configuration. Required inputs include:

° Fuselage length.
o Fuselage diameter (assumed circular) - center section,
° Fuselage shape factors for nose and tail sections,

® Wing span.

° Wing sweep angle,
® Horizontal and vertical tail soans,
° ‘{orizontal and vertical tail sweep angles,

This routine eliminates the requirement for the selection of aerodynamic paneling by

the user,

The second section of SUSSA ACTS implements the aerodynamic potential
computation method of Reference 44, These computations require the aerodynamic
panel corner point locations and input rigid-body and flexible~body mode shapes,
control surface rotations, and turbulence, The aerodynamic potential is computed
first, the pressure coefficient distributions are then determined, and the aerodynamic

force coefficients are computed.
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APPENDIX B
INTEGRAL EQUATION FOR ACTUATOR DiSK

A general integral equation for actuator disks is presented in Section 6. In
this oppendix a few mathematical details which are important for the solution of the
integra equation are discussed thoroughly. For simplicity the emphasis is placed on
a.a i /ymmetric problem, although all the main conclusions are valid for a generai

fa -
zoniiguration as well,

B.1 INTEGRAL REPRESENTATION FOR ACTUATOR DISK

The integral representation of the potential for actuator disks is presented in
Sectio © 6. Noting that since the potential difference Ay = A ®g is constant on the

uranch wake, Equation (69) may be rewritten as

et Bl 1)k (]

ZD
+J’J Acpi/l dz+A¢BJ‘J'_§’_ Vs (B-1)
dn \r an r
5y z B
D B .
If P, is . Zpe the function E(P) assumes the value E, = 1/2 and

Equation (B-1) reduces to an integral equation. As mentioned in Section 6, in solving
this integral equation, A ¢y may assume any value. Therefore, in the actuator disk
formulation, A Pg (which is approximately proportional to *z thrust) is not an output
but an input to the protlem. This indicates that the actuator disk integral equation is
singular, since #:~ solution is not unique. This point is analyzed further in Subsection

B.3.

in addition, even if A Pg is treated as a constant, the integral equation is

siit singular, The preklem exists any time when the woke separates the flow field into

ORIGINAL PAGE 18
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two separate regions, one inside and one outside the wake. 1t should be noted that
this is the only reason for this problem, and therefore is not peculior to the octuator

disk. This problem occurs in the formulation for bodies with a blunt back such as o

fuselage with truncated base. A similor problem occurs in the formulation for building

aerodynamics. This point is analyzed in detail in Section B.2. In order to emphasize
that the problem is not peculior to the actuator disk formulation, A Pg is assumed to be
equal to zero (i.e., there is no vortex emanating from the root of the blades), and

this is presented in Section B.2. The extension to the case with A Pg different from

zero is cons.dered in Section B.3.

B.2 ACTUATOR DISK WITH by = 0

In order to show that the integral equation for the actuator disk is singuior
even if Ach is prescribed, it is convenient to obtain Equation (B-1) a new way. Assume
A:pB =0. Consider Figure B~1(c), and note that the value E = 1 outside the actuator
disk may be obtained as the sum of the function E. for inner flow (i.e., inside the

wake) and the function Eo for the outer flow (i.e., outside the wake) or
E(P) = E.(P) + E,(P) (8-2)

Applying Green's theorem to the regions shown in Figures B=1(a) and B~1(b)

yields

/
4nE, (P,) 9(P,) = @[f"; (l) 02 (l)] x, (B-3)
n, \r n r
dnE (P w(P.) = -@{ % (l)-cp—a—(l)} dz, (8-4)
ano r ano r

ond

B-2

P [t
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(a) Flow Inside the Wake
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No
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(b) Flow Outside the Wake
E=I
\ -
E=lI \\
~
—
\ ' \\\
ZD \\
(¢) Flow Qutside the Actuator Disk

Figure B~1. Geometry for Green's Theorem for Actuator Disk.
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a Note that

3
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]
3
2
3
™
<

n, = =n; n_ =n on Iy (B-5)

Thus, adding Equations (B-3) and (B-4) anc using Equations (B-2) and (3-5) yields

4mE(P)P(P) = -@[.2.2 (l) - :_ (‘_)] dz
n r n r

Zp

+f Ao 2 (1) 4t (B~6)
. dn \r

Zp

where Ao = Py " P - Note that Equation (B-6) coincides with Equation (B-1) with
A Pg = 0. In order to show that the operator in Equation (B=6) is singular, it is suffi-

cient to show that the homogeneous equation (i.e., with 3¢/3n = 0)

( ) dz (B-7)

has a nontrivial solutiun, In order to show this, consider the function

4neR)e @) = )
Zp Z[')

5
G
—_——
- |-
~——
[o 9
™M
+
—
>
n -]

o
> |°’
- |-

¢ (P)

0 P outside Z‘i
NT

1 P inside Z, (B-8)

If 3p/3n = 0 (homogeneous problem), this function is a trival solution

..., 0 = 0)of Equation (B=4), whereas for Equation (B-3) one obtains (note that

Eiony = B

&2 i
4nE, - @_a;_ (:) dz, (8-9)

ABROSPACE SYSBTEMS, IMC. ¢ ONS VINE BROOK PARK ¢ BURLINGTON, MASSACHUSEYTS 01803 ¢ (817) a7a-7817

1 . e e e me s B ;

e w . ! ‘\

IR Y



[N .

which is identically satisfied, since (indicating with Q the solid angle)

@ i -]_ dzZ, = 0 outside Zi
Bni r !

& 2m on I,

4n inside I, (B-10)

Since PN T is a nontrivial solution for both Equations (B-3) and (B-4) with 3p/dn = 0,
it is a nontrivial solution for their sum, Equaticn (B=7). Hence, the operator in
Equation (B-1) (with Ach = 0) is singular; therefore, if ¢ satisfies Equation {B-1),

then
o =%+ Copr (B-11)
(where C is an arbitrary constant) also satisfies Equation (B-1).

Finally note that in the rumerical formulation, Equation (B-1) is replaced by
Equation (91). However, the doublet integral represents solid angles and the total
solid angle is evaluated exactly with the use r f th_ hyperboloidal elements. Thus the
discrete form of Equation (B-10) is still valid e..actly, Therefore, even the discrete
system is singular, i.e., the determinant of the system given by Equation (91) is equal

to zero, This implies that the vector

{‘Pg\l f} = {(PNT (Pi)} (B-12)
is a nontrivial solution for Equation (91) with right=hand-side equal to zero, or that

if (?’i is a solution to Equation (91), then
" NT
{oi} = {&;} + clob '} (8-13)

(where C is an arbifrary constant) is also a solution to Equation (91) (i.e., if the

solution exists and is not unique).
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B.3

ACTUATOR DISK WITH Agp #0

The operator in Equation (B-1) has an additional nontrivial solution; however,

this solution does not satisfy Equation (B=6) which is obtained from Equation (B-1) by

dropping the branch wake. The implications of this feature are discussed later in the

section. An explicit solution for Ecuation (B~1) is given for an actuator disk in axial

flow, i.e., for an axi mmetric case. Then it is shown that the general case has a

solution with features similar to the ones of the axisymmetric case.

The geometry for the axisymmetric case is given in Figure B~2, where again

it is shown that the complete flow (Figure B-2(c)) may be thought of as the superposition

of the flow outside the wake (Figure B-2(b)) plus the one inside the wake (Figure B=2(a)).

The shaded area indicates the branch wake (which does not exist for the outer flow,

Figure B-2(b)). Applying Green's theorem to the geometries of Fig.-es B=2(a), B-2(b),

- and B-2(c) yields, respectively

4ng,P)e @) = - (P 39(‘-) -9 i(‘—) dz,
5 ani r an, \r

) ]
A — | -] dZ B-14
g ’8 f.!.anB (r) ( )
Zg

where Ach is the (constant) potential discontinuity on the branch-wake surface, Z'B

I
G|
o AEBROEIACE

- ~

3o 1 a 1)
4rE (P, P) = - P9 1Y - 2|1 dg B-15
oPe)e (Py) @[ano (r) ® o, ()] o (B-15)

z
o

B-6
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(c) Flow Qutside the Actuator Disk

Figure B~2. The Geometry for Axisymmetric Actuator Disk Problem,
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and

«og [ (l) iz (8-16)

Note that Equation (B-16) may be obtained by adding Equations (B-14) and (B-15).

Consider the nontrivial solution

cPB(P) ® for P inside Z, (.m=<86=<m

0 for P outside Z, (B=17)

where 8 is defined in Figure B-3(a). Note that, by definition of 6, the branch wake is
located at & = +n . This is not a limitation since, according to Equation (B-14), it is

always possible to add a constant to ¢g. Note that in any event .
A Pg = Q’B(P]) = CF’B(Pz) = =2n (B-18)

If 3¢/3n = 0 (homogeneous equation), Pp satisfies trivially (i.e., 0 =0)

Equation (B~15) whereas for Equation (B-14) one obtains

enk@)p P, = (Po 2 (‘—) dz,

. ani r

]
9 1 .
-2 — | =] dZ =19
1.Tffan (r) (B-19)
" B
g

B-8
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(a) Definition of 8
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(b) Definition of @

1
Figure B-3. Actuator Disk Branch Wake Potential Geometry for Nontrivial Solution.
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Note that (see Figure B-4)

2

r

2 (1) a2 ==L (¢ wnydz = 9Ecosa
{ 3 i
r

= N =dn (B-20)

is the solid angle for d¥ as seen from P, (positive since (n ~r) < 0)). In ordc- to

evaluate t. e first integral it is convenient to introduce the varioble

9] =9-9*

The function cs a function of 6 is given in Figure B-5, Limiting 6, fto the interval
B 1 1

(-v , n) the function pg is given by
ch(P) =8, +8, - 2n H®) (B-21)

where (ossuming 8, > 0 for simplicity?)

I

HE )

0 ~-n <06, <n -8,

1

=1 n-0,<0, <n (B-22)

Thus, Equation (B~20) may be rewritten as
4nE, )o@, = [[ (6, +9, -2nHE) da

I.
- 2m jj 4y (8-23)
Zg

where dQB is negative since F‘B -r >0,

TThis hypothesis is not restrictive in view of the axisymmetry of the prablers,

B~-10
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Next, note that

J'j 8,da = 0 (B-24)
Z.

because of antisymmetry of the integrcnd, (see Figure 8-3(b)). Then, since dﬂB is

negative,

j HE)MO = U da = - ﬂ da, (B-25)
B

z. or T
! ]

Thus, Equation (B-25) reduces to

4nEP)oglPa) = 0, [[ 40 = ¢, anEep)) (B-26)
z.

Since

[ as

z.
i

4n  if P, is inside z

2n if P, ison Z‘i

0 if P, is outside Z, (B-27)

Equation (B-27) is equivalent to Equation (B-~17). Therefore, Pp is a nontrivial solution
of Equation (B~16) with 3¢/3n = 0, which indicates that the operator in Equation (B-16)

is singular,

Finally, the above vesults imply that the solution of Equation (B-6) (without
branch wake) also satisfies Equation (B-1), since that solution has A Pp = 0. Therefore,
not only is the determinant equal to zero, but A pg cannot be determined by Equation
(B-1). In order to have a solution with A Pg # 0, the value of A (pp must be prescribed
and the branch wake integral must be treated as a known quantity, This implies that
the boundary conditions on acp/anD (Equation (6-11)) are not sufficient to determine the

problem, but the value of A Pg (proportional to the lift) must be presc.ibed as well,

ORIGINAL PAGE 18
8 -13 Of POOR QU

AEBROSPACE SYSTEMS, INC. ¢ ONEVINE BAOOK PARK ¢ BUALINGTON, MASSACHUSETTS 01803 ¢ (817) 272-7817



The above solution could be obtained by noting that the circulation is equal
to zero for a contour outside Z, (since the contour may be reduced to zero without
intersecting any singular line or surface) whereas the circulation is constent and d ffer-
ent from zero if the contour is inside z and simply connected with the vortex line
emanating from the center of the actuator disk. In other words, for a nonaxisymmetric
configuratior the nontrivial solution is still equal to zero outside Z,, whereas there is

a constant discontinuity on the branch wake.
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APPENDIX C

EVALUATION OF THRUST ON Ti:E ROTOR

The rotor thrust perpendicular to the tip path plane can be determined from
momentum considerations. For simplicity, only a single rotor blade is explicitly
included in the analysis, although the result is valid for multi-blade rotor configura-

tions as well.

Conservation of mamantum states that the time rate of increase of momentum
within a fixed contrcl volume, V, is equal to the rate ot which momentum is changing
within V pius the net forces acting on the fluid within V. For the case of steady
flow w'th nagligible viscous and body forces, the conservation of momentum is written
as

@ pnds + @ pV(V-n)dz =0 (c-1)
ER + ZB ER + ZB
where the first term represents the forces acting on the control surface due to the normal
pressure, p, and the second term represents the change of momentum of the fluid
in the control volume. Note that n is the unit normal directed positively out from the
surface Ip+Ig. The control surface Zp defines an actuator disk which encloses the

rotor blade. As shown in Figure C-1, T is the contour of the rotor blade and, therefore,

R
there is no momentum flux through it.
The fluid enters the control volume at station 1 and leaves at station 2,
Note that Py V]‘, and py are average values of the pressure, velocity, and density,
respectively, upstream of the rotor. Similarly, p,, V,, and p, are average va lves
downstream of the rotor, The lateral side of Zp can be chosen along streamlines and
momentum flows through Iy only at stations 1 and 2; hence, any flux through the

lateral side of I is assumed to be negligible. Equation (C-1) can now be written
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Figure C-1, Control Surfaces ZD ond ZR for Momentum Theorem,
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? ’ +@ p\-/(v-n)dZD=0 (C-2)

The flux of momentum, m, through the control surface is

3
]

@pV(V n)dZD

ﬂ [‘-n v + (V. n)2 Vz]d (C-3)

Note that the continuity equation yields, in average,

o V- = - R, (-4
and noting that
Ay = -
Ay = 1 (C-5)
one obtains
VvV, -V -7=0 (C-6)

Therefore, the flux through ¥y, can be written as

H pVi- TV - V) dzy (C-7)
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Let F denote the force on the rotor

F=- @pﬁdER (C-8) .
ZR

Using Equation (C-8) in Equation (C=2) yields
F= e -ppiasy - [[ 09,719, - 9z, ((€9)

The thrust perpendicular to the rotor tip path plane is, by applying
Equation (C-6),

=] 6 -py ez, (c-10)

Zp

This is the desired expression which relates the forces acting on the rotor to the forces

acting on tne actuator disk,

The pressure is obtained from Bernoulli's equation ‘
P q

V¢ - Vo = constant (C-11)

N |-~

% + P 4
ot 0

It is assumed that the radial velocity is negligible when compared with

circumferential velocity and this yields

d . @ 39
3t dt 20
L (C-12)
30
; C-4
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Equation (C-11) cun be written as

® (#y - %)) 2 2
Py -Pp = "F(T Q-+ IV‘P]I "V<P2|

' -
| p—

(C-13)

Combining Equations (C=10) and (C-!3) and neglecting higher order terms in Equation

(C-13), the thrust on the rotor become -

2m a(‘P] ‘Pz)
T = -0 ff dordr

Note that 0
[ 2 2n 2
S 7 P
1 20 1o 20 B

because the branch wake surface is on the lower surface of the disk.

Combining Equations (C-14) and (C-15),

1 2
T = - pQR" Ay
2 B

(C-14)

(C-15)

(C-16)

which is an expression which relates the discontinuity on the wake branch with the

rotor thrust. In terms of the thrust coefficient, Equation (C-16) becomes

. - T _ Ao
T B 2
! pﬂzkzrrR2 QR

2
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(C-17)

AEROSPACE SYSBTEMS, INC. ¢ ONE VINE BROOK PARK ¢ BURLINGTON, MASSACHUSEYTS ~1B803 ¢ (¥17) 272-7847




where

Dog = strength of branch wake
R = rotor radius
1 = rotor speed

Cc-6
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