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Abstract

A numerical investigation into the influence of different aerodynamic interaction models on the trim be-
haviour of tiltrotor aircraft was undertaken. The study simulated the entire conversion corridor and com-
pared a baseline case, with no interaction accounted for, with simulations that included different interaction
models: rotor-induced download on the wing; wing downwash at the tailplane; and the rotor wake effect
at the tailplane. The entire conversion corridor was simulated using a reduced-order blade element/ strip
theory framework. The influence of the interactions models was compared for the trimmed pitch attitude
and control stick position. The most important interaction to account for was the wing downwash at the
tailplane. This interaction was found to have a pronounced effect on the trim state at all operating points

and influenced the predicted conversion corridor boundaries.

The unique feature of tiltrotor aircraft is their con-
version corridor that bounds the flight speed as a
function of the rotor tilt. The capability of tilting the
rotors while maintaining controllable flight expands
the traditional flight envelopes of rotorcraft and air-
craft to form a single, wider envelope. These aircraft
therefore deliver the hover and low-speed operabil-
ity of the helicopter, coupled with the range, speed
and altitude advantages of turboprop aircraft. The
conversion corridor is characterised by the wing
stall at the lower speed boundary and the installed
engine power and the control limits at the higher
speed boundary. Figure 1 illustrates a typical con-
version corridor. The corridor is broad when the ro-
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tors are vertical, with the flight speed ranging from
hover through to the power speed limit at the up-
per boundary. After the rotors are tilted, the corri-
dor begins to narrow when the rotors cannot sin-
gularly provide the required aircraft lift and propul-
sive forces. Furthermore, as the aircraft weight in-
creases, both the stall speed and required power
increase, narrowing the corridor and effectively re-
ducing the flight envelope.

The wake of the lateral-tandem rotors can have
a significant and adverse interaction with airframe
in hover and low-speed forward helicopter mode.
The rotor downwash immerses the wing and cre-
ates a rotor-induced download on the airframe. The
incidence of the rotor wake relative to the wing
causes a bluff-body stall with large separation?. This
download force increases the required rotor thrust
and power, with the download equating to approx-
imately 10% - 15% of the thrust. The implication of
the download on the aircraft negatively affects the
vertical take-off payload capability®. Furthermore,
the rotor wake interacts with the empennage of the
airframe. The exact interaction with the empennage
is dependent on the operating condition and em-
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Figure 1: The conversion corridor for the XV-15 re-
search tiltrotor, taken from Maisel . The conversion
angle 8, is measured from the aircraft longitudinal
axis, dr is the flap/ flaperon setting, V¢ is the cruise
speed and V is the dive speed.

pennage configuration, which is not generally avail-
able in the literature with empirically derived mod-
els or experimental data. However, the rotor wake
interaction with the empennage is documented for
the H-tail configuration found on the XV-15 tiltrotor.
In helicopter mode, the vorticity in the wake rolls-
up downstream towards the empennage. This cre-
ates an upwash at the tailplane, changing to a down-
wash as the rotors are tilted further towards aero-
plane mode*>. Additionally, the deflected wake of
the wing also imposes a downwash at the tailplane,
representing another source of wake interaction
with the airframe.

Due to the large operating envelope of tiltrotor
aircraft, reduced-order methods are used to effi-
ciently model and explore the aircraft behaviour
over a wide-range of operating points, i.e. rotor tilt
angle, flight speed, gross weight, cg position, flap
setting. Several aeromechanics models exist in lit-
erature®’®, however, the implications of incorpo-
rating different aerodynamic interactions is not con-
sidered. Appleton et al.? used reduced-order mod-
els to predict the conversion corridor of the XV-15,
neglecting any aerodynamic interaction. The results
captured the general trends through flight transi-
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tion, with the largest discrepancy observed during
the early conversion angles from helicopter mode.

This study numerically investigates the effects of
the rotor and wing wakes, both individually and
combined, on the aircraft trim behaviour and pre-
dicted flight speed boundaries. The purpose of the
study is to understand the influence of the interac-
tions in trimmed flight and identify if any of these in-
teractions are necessary to consider from a prelim-
inary, design viability and assessment standpoint. A
generic tiltrotor model is first constructed and con-
figured to the XV-15 literature model from Haren-
dra et al.’, owing to the large amount of required
geometric and aerodynamic data. The baseline sim-
ulation, including no interference modelling, is then
validated against the full simulation model. There-
after, the effects of the rotor and wing wakes are
studied individually and simultaneously.

1. Tiltrotor Simulation Model

The simulation model is constructed for generic
tiltrotor configurations. The aircraft is discretised
into the major aerodynamic components: fuselage;
rotors; wing; and empennage. The empennage is
modelled as a single component owing to the var-
ious empennage configurations observed on cur-
rent tiltrotor aircraft. This discretisation forms the
basic framework of the simulation model with the
total loads on the aircraft subsequently found by
summing the individual component loads in a body-
fixed frame. The loads are calculated successively in
the downstream direction. The total generic load on
the aircraft F is then

() F=Fr+Fr+Fuy+Fg,

where the subscript letters denote the component
references.

The rotary-wing and fixed-wing aerodynamic
models are based on an individual element model,
i.e. blade element or strip theory. Each element is
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assumed to operate in a closed two-dimensional
flowfield independent from adjacent elements.
Spanwise flow effects are neglected in both the
rotary-wing and fixed-wing models.

The aerodynamic data for the XV-15 blade was
modelled from similar NACA 64-series aerofoils us-
ing the experimental data of Abbott et al.’®. The
original aerofoils of the XV-15 blade are detailed by

.77 and were used to select similar NACA

Felker et a
64-series aerofoils in terms of the design lift coeffi-
cient and thickness-to-chord ratio. The post-stall lift
was modelled using the empirically derived model
of Spera'?. The post-stall drag of all the aerofoil
sections was modelled from the experimental re-
sults of a NACA 63A012 aerofoil by Dadone '3. This
approximation was used to improve the predicted
power correlation of the rotor model at all operat-

ing points.

1.1. Rotary-Wing Aerodynamics

The rotor thrust and drag (in-plane force) coef-
ficients C+ and Cp are defined normal to hub
plane and rearwards in the hub plane. The coeffi-
cients are dimensionless on mpQ2R*, where p is the
freestream air density, €2 is the shaft speed and R
is the blade radius. The rotor torque coefficient Cg
is defined positive against the shaft motion and di-
mensionless on pQ2? R®. The blade twist and chord
distributions were taken from Harendra et al.”.
The rotary-wing analysis is performed in a disc-
wind system, i.e. the tip-path-plane axes with the in-
plane disc axis aligned with the resultant in-plane
velocity. The gimbal flapping is derived relative to
the nonrotating hub plane. The disc-wind axes are
obtained through successive rotations about the
longitudinal and lateral flap angles 8. and s and
the disc sideslip angle A. Let the linear velocity of
the rotor in the hub axes, dimensionless on 2R, be

2) v =ud"+ v, " k",

where the unit vectors i”, j" and k" point normal
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to the hub plane and starboard and forwards in the
hub plane. If the disc is flapped by the angles 8. and
Bs, then the disc sideslip angle A is

(3) A =arcsin(uy, /1),
where

Wy = vxBs + vy,
(4) Mz =vz—VxBc,

b= by ? e

1.1.1. Blade Aerodynamics

Blade element theoryis well covered in many rotary-
wing textbooks and will not be presented in-depth
here. Only an overview, covering the conventions
used, are detailed. The dimensionless blade forces
in the perpendicular and tangential directions, Fp
and Fr, positive in the conventional thrust and drag
directions, are:

. A N
Fp = / cv (VTC, - VpCd) dr,
5) 21 Ja

Y N .
Fr= / ¢V (VTCd + VrCy) dF
2T Je

where e is the root cut-off fraction, ¢ and 7 are the
normalised chord and spanwise location, V is the
resultant velocity and \77 and \7,: are the tangential

and perpendicular velocity components:
- JdBs - < AdBc> -
Vp=A+7——siny+ [ uB, +7—— ) cosvy,

© dy ST

Vr =P+ using,

where X is the inflow ratio, dB./dy and dfs/dy
are the gimbal flap rates resolved into the disc-wind
axes, B, is the blade precone angle and 9 is the
azimuth-wind angle

7 v=v9+A.

The blade forces are resolved into the nonrotating
hub axes and summed over B blades to give the net
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thrust and in-plane forces.

The blade element forces also give rise to aero-
dynamic moments out-of-plane and in-plane, d/\Aﬂ,g
and d/\hg:

1
/\hﬁz/ PdFp
€

~ 1 ~
MEZ/ PdFT
€

where the out-of-plane moment and in-plane mo-

(8)

ment are taken positive upwards and lagwise.

The loss of lift towards the blade tip was modelled
using an effective lifting radius R. approximated
from Sissingh '4:

Re V2CT
1=
® R B

The rotor thrust was calculated for hover at design
gross weight, giving Re/R = 0.953. This value was
then assumed to be constant at all operating con-
ditions. Outboard of the effective span, the lift was
reduced to zero and the blade set to produce only
profile drag.

1.1.2. Gimbal Dynamics

The flapping equations of motion for the gimballed
rotor were derived by considering the inertial and
aerodynamic loads on a blade element. The deriva-
tion follows that presented by Padfield '>, where the
rotor is treated as a single dynamic structure rather
than an articulated blade approach. The blade ele-
ment out-of-plane moment is integrated along the
blade span, resolved into the pitch and roll axes, and
summed over B blades to give the coupled equa-
tions of motion in the nonrotating hub frame. A hub
spring is also included, giving the equations of mo-
tion with respect to the azimuth angle:

d?Bs dﬁc 2K M
(10) dy? dz/} Bzl = a2

d?p. 2@ 2K 2K M

dyp? dy = BIQ2TC T 1Q2
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where K is the spring stiffness, / is the out-of-plane
moment of inertia of a blade, €2 is the shaft speed

and M. and Mj; are the multi-blade flap moments:

(Mg smw

Uo\w

(11
Mﬁ cosd)

“aX

Ua\w

The aerodynamic flap moment from blade element
theory is

(12) Mg = mpQ°R® Mg .

The gimbal equations of motion were solved as a
system of first-order differential equations and in-
tegrated using a second-order Runge-Kutta method
until the transient motion had decayed and the
quasi-steady, periodic rotor flapping was obtained.

As the gimbal flaps, the pitch links are pulled-
up and pushed-down creating an effective cyclic
pitch . This effective cyclic pitch provides aerody-
namic damping stabilising the flapping motion. The
blade pitch of a gimballed rotor can then be written
as

0 = 06w + 00 + (6c — Bs

— Bctanés) cos P
(13) -
+ (05 + Bc —

Bstandz) siny,

where 6;,, is the built-in twist, 8p is the collective
pitch, 85 and 6. are the longitudinal and lateral cyclic
pitches, 03 is the pitch-flap coupling and B, and Bs
are the effective cyclic pitches from the gimbal flap-
ping. The overbar implies the quantities are trans-
formed into the disc-wind axes through the disc
sideslip angle.

1.1.3. Induced Flow

Owing to the large design space and operating con-
ditions of tiltrotor aircraft, a computationally effi-
cient induced flow model was used. The induced
flow was modelled using the dynamic inflow theory
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of Peters and HaQuang '® where the induced inflow
is prescribed in a first-harmonic Fourier series

(14) A (P.9) = Xo + PAssiny + PAc cos v,

where )\, is the induced flow ratio at a spatial point
on the disc, Ag is the mean component through the
disc, As and X, are the lateral and longitudinal gra-
dients and % is the disc-wind azimuth angle. The
induced flow states are dynamically related to the
aerodynamic thrust, pitch and roll moments on the
rotorhead through the governing state-space sys-
tem:

d

(15) [’T] di\p’ + A= [L]F,

where [T] is the time constant matrix associated
with the dynamic lag of the system and [L] is the
gain matrix. The forcing and induced flow state vec-
tors, F and );, are:

Ai={ho As At
F={C;r —-C, —Cu}".

where C; and Cj, are the aerodynamic roll and
pitch moments and the overbar indicates disc-wind
quantities. The matrices are not repeated for brevity
as they are widely found in literature. The induced
flow states are combined with the gimbal states and
integrated through time until a periodic solution is
obtained. The quasi-steady rotor loads are then ro-
tated through the rotor tilt angle into the body-fixed
frame for substitution into the equations of motion.

1.2. Fixed-Wing Aerodynamics

The fixed-wing aerodynamics are calculated in a
wing-fixed frame, accounting for arbitrary pitch, di-
hedral and sweep angles. The wing is modelled as a
pair of semi-span wings with the geometric angles
referenced to the starboard side. The wing is first
assumed to span laterally from the aircraft centre-
line to starboard. The wing is first rotated through
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the dihedral angle I, positive upwards. The wing is
then swept through the angle A, positive wings aft,
using a shear transformation rather than a rotation.
This was adopted as the industry standard is to have
the wing element chord line parallel to the aircraft
centreline’. Finally, the wing is rotated through the
pitch angle 0, positive leading-edge up, about the
span axis. The small angle approximation for the di-
hedral and sweep angles is not made allowing for an
arbitrary wing to be spatially orientated, e.g. a verti-
cal tail is a mapped through a 90 deg dihedral angle.
The pitch angle is assumed to be small that the small
angle approximation is made.

Denote the aerodynamic velocity components in
the body-fixed frame along the forward and vertical
axes, normalised by R, as {, and w,. The veloc-
ity components in the chordwise and chord-normal
directions of a wing element, \7c and \7N, are then

Ve = 0, — vy cosT |

7)) .
Viy = 0, + wycosT .

The element angle of attack a is then
(18) o = arctan (Wy/Vc)

and is used to linearly interpolate an incompress-
ible lookup table for the lift, drag and moment coef-
ficients, Cj, C4 and C,. The chordwise and chord-
normal forces dI:'C and dl:'N, defined positive in the
lift and drag directions, are

N 1 -~
dFc = —¢&V?(Cycosa — Cysina) dy
2m
(19)
dfy = %6\72 (Cjcosa + Cysina)dy,

where ¢ and y are the normalised chord and span
and V is the resultant velocity. The forward and ver-
tical forces of the aircraft are obtained by rotating
the element loads back to the body-fixed axes and
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integrating along the semi-span:

b
xz_/ (dFc +8dFy) |
0

b

Gcosrdl:_C — costﬁN .
0

7 =

where b is the normalised wing span. The pitching
moment developed by the semi-wing is calculated
from

b
(21) /\7/:/ (TdZ = hdX + dMg cosT) |,
0

where ] and h are normalised longitudinal and verti-
cal positions of the strip relative to the cg, measured
positive aft and above:

7=
h=ho+ysinl,

S

+ sinA,
(22)

with fy and hg being the coordinates of the wing root
quarter-chord relative to the cg and d Mo being the
element pitching moment:

~ 1 N
(23) dMp = %FVQC,% dy .

For a wing on the port side of the aircraft, the
spanwise ordinate is negative and the spatial posi-
tion and orientation are obtained by using dihedral
and sweep angles of opposite sign to the starboard
wing. Control surface deflections are defined posi-
tive trailing-edge down on the starboard wing when
its viewed spanning laterally starboard.

2. Aerodynamic Interference

The flowfield around a tiltrotor aircraft is extremely
complex with the rotor and wing wakes potentially
creating significant interactions with the airframe.
The two main sources of aerodynamic interaction
out-of-ground effect are the rotor-induced down-
load on the wing and the wakes of both the rotor
and wing at the tailplane.
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The download was accounted for using methods
similar to Dreier '® and Makofski and Menkick '%: the
rotor wake was modelled as a contracted stream-
tube with the freestream and rotor wake velocities
implemented into a strip model. In this work, the ve-
locity of the rotor wake, defined parallel to the shaft
axis, was related to the mean induced flow ratio us-

ing the expression developed by McCormick 2°:
(24) X —(1+d >>\
U T Vir2)

where )\, is the wake velocity, d is the distance from
the wing element to the rotor and )q is the mean
induced flow. The skew angle of the rotor wake from
the shaft axis is then

v
(25) x = arctan | ————— | .
|vx + Awl

The rotor wake velocity is added to the freestream
velocity of the spanwise strip if the quarter-chord is
bounded by the skew angles at the front and rear of
the disc at the same spanwise position. The body-
frame aerodynamic velocity components at the con-
trol point, denoted with a subscript a, are then

~

=04+ AysinT,
(26)
Wy = W — A, COST,

where 7 is the rotor angle measured from the air-
craft vertical.

The rotor and wing wake effects at the empen-
nage were modelled using the interaction models
from Harendra et al.”: the rotor wake adds an incre-
mental velocity component to the freestream veloc-
ity of the aircraft and the wing wake deflects this re-
sultant flow through the downwash angle as a func-
tion of wing angle of attack, flap setting and rotor tilt
angle. From Harendra et al., the rotor wash at the
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tailplane was approximated from the polynomial

A
)\ft:h0+h1T+(h2+h3T)H,

b <L7—h4+/75’l'>2 |
hy

(27)

where A; is the induced flow at the tailplane, )¢ is
mean induced flow and the h constants have the val-

ues:
ho = —0.5838,
hy = 0.0116,
hy = 0.5967,
hs = 0.0024,
hs =51.5/QR,
hs = —2.2519 .

The induced flow at the tailplane is then resolved
into the body axes and added to the freestream ve-
locity. Finally, this resultant flow is rotated through
the downwash angle, linearly interpolated from the
data in Figure 2, to give the effective angle of attack
at the tailplane.

12

Rotor [deg]

10F —0
90

Downwash [deg]
[}

-20 -10 0 10 20 30
Wing Angle of Attack [deg]
Figure 2: Downwash angle as a function of the wing

angle of attack. Data from Harendra et al.”. The ro-
tors are vertical at 0 deg and horizontal at 90 deg.
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3. Conversion Corridor

The aircraft was trimmed in steady level flight at ro-
tor angles from vertical (0 deg) to horizontal (90 deg)
in 15 deg intervals, at flight speed increments of
10 kn. The trim solution was found by solving for the
angle of attack, collective pitch, longitudinal cyclic
pitch and elevator input required to hold a given
condition, i.e. flight speed, flight path angle, gross
weight and cg position. To create a determined sys-
tem of trim equations, the longitudinal pitch con-
trols (longitudinal cyclic pitch 85 and elevator deflec-
tion m) were related to the stick displacement §;,.
The trim state of the aircraft is therefore uniquely
dependent on the relation between the two pitch
controls. Following the model of Harendra et al.,
the longitudinal cyclic pitch was washed-out sinu-
soidally with the rotor tilt angle and the elevator
control was kept constant:

dé
® = AcosT,
d5/0
(28)
dn B
délo B ’

where A and B are the maximum deflection values.

The convergence of the trim equations is largely
dependent on the initial guess, particularly when
using nonlinear aerodynamic lookup tables. To im-
prove the convergence of the trim solution if no
trim history was available, the collective pitch was
approximated from linear aerodynamics to give a
specified blade loading Cr/o:

(29)

(0
T((TO) —0.07cosT -+ 0.03.

The blade loading values were selected as an ap-
proximation to the operating value as a function of
the rotor angle. The conversion corridor was simu-
lated for the XV-15 aircraft at 5900 kg gross weight

at the aft cg limit. The constraints imposed on the
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trim state were:
|B] < 12 deg,

|5Io| S 1,
Cp,., <0.0015,

(30)

where f is the amplitude of the flapping and Cp,__
is the normalised installed power of a single engine.
Furthermore, the longitudinal cyclic pitch and eleva-
tor deflections were

4. Results and Discussions

4.1. Baseline Simulation

The baseline simulation case, not including any in-
teraction models was first validated against the sim-
ulation model of Harendra et al.” (plotted as dis-
crete triangles in all plots herein). Figure 3 shows
the correlation of the predicted pitch attitude in
trimmed level flight as a function of the flight speed
and rotor tilt angle. The predicted trim attitude
shows good correlation to the simulation model,
particularly with the rotors vertical and near aero-
plane mode. The baseline model tended to over-
predict the lower speed boundary for rotor tilt an-
gles of 30 deg, 60 deg and 90 deg. The constrain-
ing parameter at these rotor angles was found to be
the required aft stick being larger than the permit-
ted value. The stick required in trimmed level flight
is presented in Figure 4 where a large discrepancy
between the baseline and simulation models is ob-
served. In most cases, the required stick to trim is
underpredicted. At a rotor tilt of 30 deg, the low
speed trim solution tends to pitch the aircraft nose-
up and flap the rotor disc backwards, attempting to
align the thrust vector against the weight vector due
to the low dynamic pressure over the wing. How-
ever, the required flap angle is larger than the per-
mitted limit of || < 12 deg and thus trim is not
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feasible until the flight speed reaches 80 kn. Wing
stall is encountered at a fuselage angle of attack
of approximately 11 deg. The results of the base-
line simulation case near aeroplane mode show that
trim was not possible above this value for rotor tilt
angles towards aeroplane mode. Overall, the pre-
dicted trim states matched those of Harendra et al.
fairly well over the entire domain, thus validating the
baseline tiltrotor model.

30

Rotor [deg]
0
201 —15
30
—60
—90

Pitch [deg]

20 . . . .
0 50 100 150 200 250

KTAS

Figure 3: Trimmed pitch attitude for the baseline
simulation case.

1.00 " Full Fwd
0.50 f
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S
@ N I
DC_J 0.00 eutra
S A A Rotor [deg]
n 0
-0.50 f — 15
A 30
—60
——90
-1.00 : : : :
0 50 100 150 200 250

KTAS

Figure 4: Trimmed stick position for the baseline
simulation case.

4.2. Rotor-Induced Download

Figures 5 and 6 show the influence of the download
model on the trimmed pitch angle and stick posi-
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tions. The influence of the download model was al-
most negligibly small throughout the trim sweep.
This was due to the relatively small distance be-
tween the cg and wing strips, resulting in a small mo-
ment arm. A more pronounced effect would be ex-
pected with a forward cg, resulting in a more nose-
down attitude and aft stick travel to compensate
against the rotor-induced nose-up wing moment.
The minimum flight speed in aeroplane mode was
found to decrease by 10 kn from the increased dy-
namic pressure acting over a large area of the wing.
The larger dynamic pressure required a smaller an-
gle of attack to produce the same lift, requiring less
aft stick to trim.

The influence of the rotor-induced download was
best assessed in terms of the increase in required
power. Figure 7 shows the ratio of the power with
and without the inclusion of the download model.
For the rotor in hover, the download resulted in ap-
proximately an 8% increase in the required power.
The largest increase in required power was 14% in
low-speed helicopter mode up to a flight speed of
40 kn. This was due to the larger aerodynamic veloc-
ities over the wing (sum of the freestream velocity
and mean induced flow) and the resultant negative
incidence at the wing sections. Above a flight speed
of 40 kn, the downwash is decreased as the skew an-
gle of the wake from the shaft axis increases caus-
ing the inboard wing sections to lie outside the ro-
tor wake. For the case of the rotors tilted by 15 deg,
the reduced effectiveness of the wing due to the ro-
tor downwash and the trade-off between the wing
and rotor forces at higher speeds results in a sub-
sequent increase of the rotor power. These results
are not validation to a highly simplified method of
approximating the download effects, however, they
do agree qualitatively with the download effect dis-
appearing in helicopter mode around 60 kn due to
the convection of the wake?'. The importance of
the download model would only be significant if the
installed power is sufficiently low such that the re-
quired hover and low-speed power is close to the
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available power.

As the rotors are tilted forwards in front of the
wing, an increased area of the wing is immersed
in the large-diameter rotor wake. Consequently, a
small increase in rotor power was found through
conversion mode at higher flight speeds due to an
increase of the wing induced drag to compensate
for the decrease in effective angle of attack. In aero-
plane mode, the induced flow component is parallel
to the forward axis of the aircraft and thus slightly
increases the dynamic pressure and reduces the an-
gle of attack. This was reflected as a small decrease
in required power due to the reduced induced drag
component.

30

Rotor [deg]
0
20+ —15
30
—60
90

Pitch [deg]

20 1 1 1 1
0 50 100 150 200 250

KTAS

Figure 5: Effect of the download model on the
trimmed pitch angle, presented as dashed lines.

4.3. Wing Wake at the Empennage

The trim sweep results with the inclusion of the
wing downwash at the tailplane are presented in
Figures 8 and 9. It is evident that the inclusion of
a wing downwash model has a significant effect on
the trim behaviour. The downwash effect on the
trimmed pitch attitude was most pronounced from
hover to a flight speed of approximately 120 kn in
helicopter and early conversion mode. Conversely,
the largest influence on trimmed stick position was
found from a flight speed of approximately 80 kn
onwards affecting the rotor after 30 deg forward
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Figure 6: Effect of the download model on the trim
stick position, presented in dashed lines.
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Figure 7. Ratio of the predicted power using the
download model to the baseline model, presented
as a function of airspeed and rotor angle.

tilt. Figures 10 and 11 show the difference in the
trimmed pitch and stick compared to the baseline
case, illustrating the effect of the wing downwash
was to increase the aircraft pitch angle and migrate
the trimmed stick position forward.

The effect of the wing downwash decreases the
tailplane lift since the effective angle of attack a is

decreased:
32) ae=a —¢,

where « is the freestream angle of attack and ¢ is
the downwash angle from the wing wake. Conse-
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Figure 8: Trimmed pitch attitude for the baseline
simulation case against those with a wing down-
wash model included, presented as dashed lines.
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Figure 9: Trimmed stick position for the baseline
simulation case against those with a wing down-
wash model included, presented as dashed lines.

quently, a larger pitch-up moment is created and
must be counter-acted to trim. The magnitude of
the downwash in trimmed flight is shown in Fig-
ure 12. Itis observed that due to the large flap/ flap-
eron settings employed to improve the low-speed
wing lift capability, the created downwash angles
are substantial.

Figure 13 shows the net empennage lift in the
baseline case and the wing downwash case for the
rotors vertical and tilted forward by 15 deg. For
the baseline case from after hover to a flight speed
of 50 kn, the tailplane applied a small nose-down
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Figure 10: Difference in trimmed pitch angle when
the wing downwash model is included.
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Figure 11: Difference in the trimmed stick position
when the wing downwash model is included.
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Figure 12: Downwash angle at the tailplane due to
the wing in trimmed level flight.
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Figure 13: Net dimensionless lift produced by the
tailplane in the baseline case and with the down-
wash model, presented as dashed lines.

moment caused by the forward stick position and
the applied elevator deflection. This was not found
when the downwash was included. At low speed,
the additional pitch-down moment was provided by
the rotor flapping. The stick is moved forward to
increase the forward flap angle B, increasing the
nose-down moment from the rotor thrust. How-
ever, the rotor also provides most of the airframe
lift at these operating conditions. Therefore, the air-
craft simultaneously pitches nose-up to realign the
orientation of the thrust vector against the weight
vector. As the aircraft is pitched up, there is a larger
1/rev aerodynamic flap moment from the higher ad-
vance ratio (freestream velocity in the hub plane),
causing the disc to flap backwards. This requires
further longitudinal cyclic to flap the disc forwards,
helping to provide the pitch-down moment. The ad-
ditional forward travel of the stick reduces the max-
imum trimmed flight speed obtainable with the ro-
tors at 0 deg, decreasing it by 10 kn compared to the
baseline case. As the flight speed increases further
and more control authority is gained from the ele-
vator, the differences between the two simulation
cases begins to reduce.

For the rotor in helicopter and conversion mode
at rotor angles of 15 deg and 30 deg, the wing
downwash model significantly improves the corre-

Page 11 of 15

This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2019 by author(s).



lation to the simulation values from Harendra et al..
From simple lifting-line theory, the downwash at the
tailplane is proportional to the lift coefficient of the
wing??, and hence the angle of attack. With the ro-
tors tilted forward from the vertical, at low speed the
trimmed pitch attitude tends to be nose-up to orien-
tate the thrust vector against the weight vector. In
doing so, the wing angle of attack is increased along
with the downwash, up to stall. At this pitch-up atti-
tude, the tendency of the tailplane is to pitch the air-
craft nose-down, more than if the downwash was in-
cluded. To compensate for the nose-down moment,
the stick is moved aft to flap the disc backwards to-
wards the vertical to give a nose-up moment from
the rotor. When the wing downwash is included, the
tail moment is naturally decreased and the eleva-
tor authority increased. The required stick position
consequently migrates forward with less flap-back
required. As a result, the lower speed boundary at
30 deg rotor tilt is reduced by 30 kn, from 80 kn to
50 kn.

The wing downwash model does not change the
trimmed pitch angle significantly through the flight
speed range at rotor angles past 60 deg. However,
the lower speed boundary is decreased by 10 kn in
both cases. This was due to the reduced effective
angle of attack at the tailplane, reducing the nose-
down moment and increasing the control authority
of the elevator, evidenced by Figure 9. For the rotor
at 60 deg tilt flying at 110 kn, the stick position trav-
els from near full aft to being approximately neutral,
a change of 41.5% of the total permitted stick travel.

4.4. Rotor Wake at the Empennage

The effect of including only the rotor wash at the
tailplane on the trimmed pitch and stick are shown
in Figures 14 and 15. The rotor wake effect in
aeroplane mode was not found to be significant.
In helicopter mode, as the flight speed increased
to around 40 kn, the rotor vortices roll-up above
the tailplane creating an upwash, with the dynamic
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Figure 14: Trimmed pitch attitude for the baseline
simulation case against those with a rotor wake
model at the empennage included, presented as
dashed lines

pressure approaching twice the freestream value®.
As the airspeed increased further, the rolled-up
wake moved downward relative to the tailplane, de-
creasing the net upwash, but the upwash still being
present. The effect of the rotor wake upwash at the
tailplane is contrary to the downwash effect. The in-
creased effective angle of attack produces a larger
nose-down moment that, at low speed, requires an
increase in flap-back of the rotor created by moving
the stick aft. The new orientation of the rotor thrust
vector is accompanied by a change in pitch attitude,
in this case nose down, to realign the new thrust vec-
tor towards the weight vector.

The upwash phenomenon at the tailplane
demonstrates a clear stick reversal, i.e. the gra-
dient of the stick with respect to increasing flight
speed shows a negative gradient in helicopter and
conversion mode up to 40 kn. Whilst this does not
have a direct impact on the predicted flight speed
boundaries, it is important when considering the
control and stability of the aircraft. The only change
in flight speed limit was found for 30 deg rotor tilt,
with the lower speed boundary increasing by 10 kn.
This was due to the increased aft stick required to
trim exceeding the control inputs available to the
rotor and elevator.
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Figure 15: Trimmed stick position for the baseline
simulation case against those with a rotor wake
model at the empennage included, presented as
dashed lines.

4.5. Combined Aerodynamic Interference

The combined effects of the interference models
on the trim behaviour are shown in Figures 16 and
17. The upwash due to the roll-up of the rotor
wake on the trimmed pitch attitude is clearly ex-
hibited in helicopter and conversion mode up to
40 kn. However, its magnitude is reduced consider-
able when the wing downwash is included. A shal-
low stick reversal remains when the rotors are ver-
tical but disappears when the rotors are tilted for-
ward to 15 deg, the latter being caused by the in-
creased wing downwash from the required pitch-up
attitude. Furthermore, the wing downwash expands
the lower speed boundary of the corridor for rotor
angles past 15 deg due to the decreased tail mo-
ment and improved elevator control authority.

5. Conclusions

A numerical study has been used to assess the im-
plications of aerodynamic interference models on
the predicted conversion corridor of tiltrotor air-
craft. The study has investigated the influence of the
models primarily on the trimmed pitch angle and
the stick position in steady level flight. The baseline
case with no interference models showed reason-
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Figure 16: Trimmed pitch attitude for the baseline
simulation case against those including the rotor
and wing wake models, presented as dashed lines.
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Figure 17: Trimmed stick position for the baseline
simulation case against those including the rotor
and wing wake models, presented as dashed lines.

able correlation to the simulation results of Haren-
dra et al.”. In particular, the trimmed pitch corre-
lated well with the rotors vertical and near aero-
plane mode, however, underpredicted the pitch at
low-speed forward flight with the rotors tilted at
15 deg and 30 deg. The general trend of the base-
line trimmed stick position was aft of the simulation
results by Harendra et al., implying a greater pitch-
up control moment was required.

The rotor-induced downwash was not found to
have a significant effect on the aircraft trim be-
haviour throughout all operating points considered.
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Theincrease in required power due to the download
was found to be approximately 8% in hover and in-
creased up to 14% at around 40 kn. Thereafter, the
increased skew angle of the wake reduced the im-
mersed wing area, reducing the download. Through
conversion mode, the tilt of the rotor disc immerses
the wing in the rotor wake, felt as a downwash, and
subsequently requires more rotor power to over-
come its adverse effects. The added induced flow
component in aeroplane mode was found to de-
crease the minimum flight speed by 10 kn. The im-
portance of the download model would only likely
be significant if the excess power in hover and low
speed is small.

The main effect of the rotor wake at the empen-
nage in helicopter mode was to produce an upwash
at the tailplane. Its influence on the trim behaviour
past 15 deg forward tilt was found to be almost neg-
ligible. The rotor wake did not significantly change
the flight speed boundaries, except increasing the
low-speed boundary at 30 deg forward tilt as a re-
sult of the additional aft stick exceeding the model
limitations.

The inclusion of the downwash model at the
tailplane showed significant differences from the
baseline case and generally improved the corre-
lation against the simulation results of Harendra
et al.. The downwash model reduced the effective
angle of attack at the tailplane creating a larger
nose-up moment. This was compensated for by in-
creasing the forward flapping of the disc creating a
larger nose-down moment and migrating the stick
position forward. The new inclination of the thrust
vector then required the aircraft to pitch nose-up to
realign the thrust vector against the weight vector.
The minimum flight speed was decreased for rotor
tilts between 30 deg and 90 deg, with the largest de-
crease of 30 kn found at 30 deg of rotor tilt. For rotor
tilts of 60 deg and 90 deg, the lower speed bound-
ary was decreased by 10 kn. When the rotors were
vertical, the increased nose-up moment caused by
the downwash was compensated with additional
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forward stick, resulting in a 10 kn decrease of the
maximum trimmed flight speed. The influence of
the wing downwash at the tailplane was found to
have the most significant effect on the predicted
trim states, as well as increasing the trimmable flight
domain. As such, a suitable downwash model, ei-
ther analytical, empirical or experimental, should be
employed in prediction of the conversion corridor
boundaries at an initial or preliminary design stage.
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