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A semi-analytical model is proposed that incorporates aerodynamic interactions between the rotor- and wing-
induced flowfields. Predictions are validated through experiments performed with an array of five rotors above an
airfoil, where the angle of attack, advance ratio, and chordwise rotor position are varied. At moderate angles of
attack, the propulsive thrust is reduced due to the acceleration induced by the wing’s circulation. Around the stall
angle of the isolated wing, the rotors re-energize the boundary layer when operated in low-thrust conditions. By
increasing the thrust, a pronounced region of reverse flow between the rotors and wing adversely affects the leading-
edge separation delay over the wing that occurs for lower thrust settings. However, in this condition, the wing—rotor-
array system exhibits increased thrust compared to the attached flow condition due to the rotors ingesting
low-momentum flow. In addition, the rotor-induced flow over the wing augments suction, while the pressure side
is subjected to a pressure increase, ascribed to flow entrainment from the rotors. After comparison with the
experimental observations, it is confirmed that the model predictions accurately describe the lift and thrust
performance trends, aside from a discrepancy in the lift force when the rotors are operated in low-thrust conditions.
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a = induced velocity factor gc f WIng s nose radius, m
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1. Introduction

ECENT developments in electric propulsion technology have
made electric flight over short distances a competitive solution
to other means of transportation. The small size, high power-to-
weight ratio, and efficiency of electric motors allow for increased
design freedom for the propulsion system, extensively enabling
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distributed propulsion. Consequently, disruptive solutions are cur-
rently being developed [1], resulting in unexplored aerodynamic
and aeroacoustic installation effects. This trend of moving toward
distributed electric propulsion (DEP) with multiple rotors is par-
ticularly evident in the upcoming market of electric vertical takeoff
and landing vehicles (eVTOLs) [2]. Aircraft designs exist in great
diversity and are generally grouped in four categories: multirotors,
lift + cruise, tilt-rotors, and tilt-wing vehicles [3,4].

The latter make use of tiltable wings and fixed-pitch (ducted or
open) rotors to combine takeoff and landing flexibility with an
efficient forward flight. This creates a complex flight envelope,
consisting of vertical takeoff, hover, transition, and climb before
cruise conditions are reached [35]. During the transition phase, the lift
force of the vehicle gradually changes from being generated by
propulsive thrust to being generated by the wing’s circulation.
Consequently, the flight conditions are characterized by low
advance ratios and high angles of attack in close proximity to the
stall regime [3].

Conceptual tilt-wing vehicles employ an array of propulsors
arranged along the wing [1]. A widely used example of this is the
leading-edge distributed electric propulsion (LE-DEP) layout,
where rotors are installed on pylons aligned with the chord and
connected to the wing’s leading edge. This rotor orientation
increases the wing’s lift curve slope, the maximum lift coefficient,
and the stall angle [6,7]. An alternative to LE-DEP is to mount
propulsors over the suction side of the wing, as schematically
illustrated in Fig. 1. This configuration is referred to as over-the-
wing distributed electric propulsion (OTW-DEP) and has several
adverse and beneficial aerodynamic installation effects. All in all, on
the aircraft level, it has shown promise to increase the aeropropul-
sive efficiency. The study of de Vries et al. [8] revealed an efficiency
increase of up to 9%, compared to an isolated propulsion-wing
system (although with an uncertainty of £5%). OTW-DEP configu-
rations are also considered superior in aeroacoustic terms (compared
to LE-DEP) because the wing has the potential to shield rotor noise,
effectively reducing fly-over noise [9].

When concentrating on the aerodynamics of an OTW-DEP sys-
tem, the flow is accelerated over the suction side of the wing by both
the upstream and downstream parts of the rotors’ stream tubes,
lowering the static pressure. This has a favorable effect on the
aerodynamic efficiency of the system. Miiller et al. [10] reported
an increase of 8% in the lift-to-drag ratio of an OTW propeller,
caused by a lift increase and (pressure) drag reduction. The effect of
the propeller tip speed on the aeropropulsive forces was investigated
by Perry et al. [11], who noted an increase of the lift force and lift
slope, yawing moment, rolling moment, and nose-down pitching
moment with increasing propeller tip speed. Furthermore, Marcus
et al. [12] revealed that the total lift increase is sensitive to the
chordwise position of the propeller. A propeller position closer to
the trailing edge provides the largest increase in the wing’s lift,
caused by the larger area of reduced surface pressure (increased
suction) upstream of the propeller. When considering drag, how-
ever, others have shown an increase due to the presence of the

Fig.1 Schematic representation of over-the-wing propulsion with rel-
evant system parameters and definition of aeropropulsive forces.

propeller [13] or have shown that drag is minimized for a propeller
positioned in close proximity to where the airfoil attains its maxi-
mum thickness [14,15]. Propeller placement is not trivial, given that
the resulting static pressure imprint on the wing can result in flow
separation. That is, at the location of the propeller, a sharp increase
in pressure occurs and can trigger flow separation when the pro-
peller is installed upstream of a region with a strong adverse
pressure gradient, e.g., induced by a deflected flap [10,16]. Apart
from the aerodynamic effects of the propeller on the wing, the
performance of the propeller is also affected by the presence of
the wing. The wing circulation induces lower pressure at the rotor
disk and nonuniform flow in the wing-normal direction, in turn
resulting in unsteady blade loading. As a consequence, propeller
efficiency losses up to 16% have been reported, alongside an
expected increase in the tonal component of the propeller’s noise
signature [10].

Design optimization of OTW propulsion systems requires low-
fidelity predictive tools to efficiently vary parameters related to the
geometry and aerodynamic performance of the rotor and wing of
these systems. Existing low-fidelity tools for integrated propulsion
systems [12,14,17-19] typically employ iterative schemes to
include the coupling between propulsors and lifting surfaces.
Although such methods are computationally efficient, the iteration
scheme obscures the impact of the dominant design parameters.
Moreover, data-informed guidance of these models is valuable to
test their validity, but the majority of previous investigations of
OTW propulsors dealt with cruise flight conditions, i.e., the pro-
pellers operate at relatively high advance ratios and the system
operates at moderate angles of attack. For eVTOL flight, however,
lower advance ratios and higher incidence angles are encountered.
These higher propulsive thrust conditions are associated with unex-
pected interactions with surfaces, as shown by Murray et al. [20] for
a propeller ingesting a turbulent boundary layer.

1. Present Contribution and Outline

In the current study, a semi-analytical model to study and predict
aerodynamic interactions of OTW propulsion is formulated, with a
focus on the effect of the system’s angle of attack and the interpret-
ability of the final expression. The thrust-lift interactions are para-
meterized as a function of the geometric and operating parameters of
the rotor array and wing, and, by employing a single-pass strategy,
such design properties appear explicitly in the formulation. Wind
tunnel experiments are then conducted to provide insight into the
flow topology of OTW propulsion and its interaction with the lifting
surface and yield data to validate the model.

The rest of the paper is structured as follows: In Sec. II, the flow
hypothesis is introduced and the aeropropulsive model is derived.
Section III deals with the experimental setup, and Sec. IV describes
the general flow features of the rotor—wing system. Finally, in Sec. V,
the model is validated by analyzing performance trends and com-
paring those to experimental data.

II. Low-Fidelity Model of Over-the-Wing Propulsion

A model is proposed for describing the thrust and lift perfor-
mance of an over-the-wing propulsion system. Thrust force T is here
defined as the integral loading over the rotor disk, acting parallel to
the rotor axis. Lift force L is defined as the force perpendicular to
the flow direction, generated by the wing only. These two forces are
both schematically illustrated in Fig. 1 and are modeled by adopting
the superposition principle of the wing and rotor-induced effects.
The effect of the rotor induction on the wing’s drag is not included in
the aeropropulsive model.

The modeling approach itself first considers the wing’s influence
on the rotor system. A prediction of the rotor-array thrust is obtained
by taking the flow pattern over the isolated wing into account,
resulting in an effective advance ratio that is combined with the
isolated rotor performance trend (C, i,-J). Secondly, the predicted
rotor thrust is used to generate the flow properties inside the rotor
array’s streamtube. Finally, the influence of the rotor array on the
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wing’s lift force is considered. The lift force is obtained from a
formulation that includes the lift of the isolated wing, with, in
addition, the changes induced by the rotor-induced flow in prox-
imity to the suction side of the wing. Hence, a low-order model of
aeropropulsive forces is obtained by considering a one-way rotor-
array—wing interaction. To enhance the interpretability of the
formulation, the modeling approach is not advanced using an
iterative procedure of rotor—wing interaction effects. A schematic
illustration of the model’s flow diagram and outline of this section
is presented in Fig. 2. Here, the output is the system performance
in terms of the installed rotor thrust coefficient (C7) and wing lift
coefficient (c;). For this, the model requires an advance ratio J and
system angle of attack a as well as the geometric parameters of the
rotor-wing system. In addition, aerodynamic performance charac-
teristics of the isolated wing and rotors are used. The wing’s
aerodynamic performance comes in through the lift coefficient
as a function of the angle of attack, while the isolated rotor’s
performance comes in through a thrust coefficient as a function
of the advance ratio.

A. Wing Effect on Rotor Thrust

‘When neglecting stall on the rotor blades, which is generally valid
for the vehicle’s design conditions, the thrust coefficient C7 exhibits
a linear dependence on the advance ratio for fixed-pitch rotors. The
slope dC7/dJ and base Cr, of this relation are specific for each
rotor design. Since the thrust of the isolated rotor is often known a
priori or can be computed with relative ease, these are defined as
performance variables in Eq. (1).

dac
Cr =7 Jerr + Cr M

Here, C; is the thrust coefficient of the installed rotor, and J is
the effective advance ratio taking into account the wing-induced
velocity. Note that, while a linear relation for C;(J) is used, other

operating conditions
J, a

isolated performance parameters ®

functional forms are permitted in case the linear dependency does
not apply to the specific rotor geometry and/or operating regime
being considered. A modeling strategy is proposed next in order
to compute Jg.

1. Advance Ratio Correction

To model the effective advance ratio, the parameterized geometry
of Fig. 3a is used. Here, the rotor disk with diameter D; = 2R is
centered at the position of the rotor axis (x,, y,). The velocity
distribution captured by the rotors can be decomposed into axial
and nonaxial components. The former is further split into the uni-
form (spatial average) and nonuniform (wing proximity) contribu-
tions (see Fig. 3b). Since the focus of the current work is to predict
the steady (time-averaged) loads of fixed-pitch rotors, only the
uniform, axial component of the inflow needs to be considered.
The zero-mean nonuniform and the nonaxial inflow components
predominantly yield azimuthal variations in blade loading and are
primarily relevant to the rotor’s far-field acoustics. Note that, for
extreme angles of attack and/or high advance ratios, nonaxial inflow
could result in elevated steady thrust [21,22]. Such conditions,
however, fall outside the investigated parameter space. Additionally,
considering that the wing deflects the streamline for OTW propul-
sion, flow angularity at the rotor is reduced compared to an isolated
configuration.

In the model, the wing aerodynamics are split into an inviscid and
viscous contribution. The inviscid part accounts for the axial veloc-
ity increase by the circulation distribution over the wing’s profile. A
viscous contribution accounts for leading-edge separation over the
wing, occurring at large angles of attack. Other viscous effects, such
as the rapid increase in boundary-layer thickness along the adverse
pressure gradient region, are disregarded, as this only affects rotors
that are installed with minuscule tip gaps, i.e., y;, < dq9 (not consid-
ered in the present work).

Contributions from inviscid and viscous flow effects to the isolated
rotor’s advance ratio J are modeled with two correction factors,

rotor-wing geometric parameters

isolated-wing performance

erform advance
@) —— P

ratio correction

effective advance ratio
Sy

isolated-rotor performance
Crisol) =

determine installed
rotor thrust Cy

installed rotor performance
CoJey

calculate rotor
induction factor a

rotor-induction
a, Joyy

A
compute streamtube
properties

streamtube properties
D), va(xo), R(xp)

compute rotor-

induced wing lift Ac,[*€

\

installed rotor thrust C; and wing lift ¢,

Y- —— — == == = .
rotor—wmg geometrlc parameters

e—— X, V.C Ry T,

W — — — - — — — —

______ } section II.B: Streamtube properties

rotor-wing geometric parameters
¢ N, S

section II.A: Wing effect on rotor thrust

’

1

|

\
\

Fig. 2 Flow diagram of the aeropropulsive model.
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rotor disk

a)
Fig. 3 a) The 2D system of coordinates and b) decomposition of inflowfield at the disk plane.

Jr and Jg; , respectively. This will yield the effective advance ratio,
according to

Jer = J - Jr - JsL @

The correction factors Jr and Jg; are derived as a function of the
geometric and performance parameters of the rotor-wing system,
with a focus on interpretability and generality of the model. A
simplified description is presented in the next sections. For additional
details the reader is directed to Appendices A.1 and A.2.

2. Inviscid: Wing’s Circulation

The axial induced velocity in a reference point r by a set of vortex
filaments I'(s) can be found by integration of the Biot-Savart law
[23]. The advance ratio correction, by the wing’s circulation Jr, is
then defined as the induced axial velocity, averaged over the rotor
disk:

axial induction by vortex filaments

Jp = er _ / /’F(s)s xr dA 3)

Ve Az |rf?

disk-average

For an airfoil, the bound vortex filaments typically lie along its
contour, making the integration of Eq. (3) rather cambersome. The
problem is modeled by making use of thin airfoil theory, with a
parabolic distribution of vortex filaments I'(x) along the chord line,
as schematically illustrated in Fig. 4a. The strength of the vorticity
source I'(x) depends on the lift coefficient of the wing:

3 2
I'x) = c,V c(l —?) C)]

A second simplification is made by extracting the axial induction
only at the center point of the rotor disk, i.e., the rotor axis (x,, y,),
which corresponds with sufficient accuracy to the disk-averaged

(XpYr)\

T'(x)

VAR W W\

axial non-axial

inflow uniform non-uniform

steady loading unsteady loading
b)

value (relative error below 1%). The simplified expression for Ji
becomes

L fo T®y,
Jr = d. 5
r 2nva -+ ©)

which can be integrated analytically.

3. Viscous: Shear Layer Ingestion

Wing stall is implemented by considering that flow separation
occurs abruptly at the leading edge when the angle of attack exceeds
a given stall angle a.. Consequently, the advance ratio needs to be
corrected to account for the fraction of the rotor’s area affected by
separated flow ingestion, Agy :

momentum  ratioof

deficit ingestion
Vv A 0, a<a,
Jgq =1-f(a, -3ty 4t a)=1" c
SL fla ac)( Vm) s fla,a.) I asa,
(6)

In the equation above f(a, @) is a stall criterion and Vg is the
local velocity in the separated region. Ag; is modeled assuming a
spanwise homogeneous shear layer, oriented tangential to the free-
stream direction (see Fig. 4b). Experimental data (later presented in
Fig. 13) showed that the shear layer height at the position of the
rotor was underpredicted. Therefore, the modeled shear layer profile
was adjusted by applying a steeper slope, with a factor of (11/8)
compared to the freestream.

The area Ag; is obtained by integration (Eq. (7)) and schemati-
cally illustrated in Fig. 4c.

Agp, = /ySL VO =)+ Ridy (7

Ry

rotor disk

I

yr
/ YSL(X)

ASL

,u JU et %
a) b)

z

)

Fig. 4 Schematic of the modeling strategies for the effective advance ratio: a) the (inviscid) velocity increase by the circulation distribution I'(x) and
b) the (viscous) boundary-layer separation at large angles of attack and c) defining the ratio of boundary-layer ingestion.
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To complete the model, the stall angle a, is found by using an
empirical relation as a function of the wing’s nose radius to chord
length r./c [24].

It is worth noting that the model exhibits abrupt separation at
the leading edge, differing from the gradual progression of sep-
aration from trailing to leading edge, as observed for an isolated
wing as the angle of attack increases. Experimental results (later
presented in Fig. 10) revealed that, for over-the-wing propulsion,
separation occurs more abruptly due to the formation of a flow
reversal region between the rotor and wing, indicating that the
model accurately captures the observed separation mechanism of
the installed system.

B. Streamtube Properties

For modeling the wing’s lift force, the influence of the rotor-
induced flowfield must be taken into account. Using the actuator
disk model, the rotor’s induction factor a, defined as the induced
velocity v, normalized by the freestream velocity, can be written as
a function of the local advance ratio J; and the installed rotor’s
thrust coefficient Cy:

. R2
Vo _ Ur-Js) 8C72| 1o )
Ve 2 Sl

Following a similar approach as in the work of Veldhuis [14], the
rotors can be modeled by a uniform distribution of doublets of
strength Ap over the disk surfaces (as shown in Fig. 5a). Consid-
ering that a spanwise distributed array of rotors is used in the current
work, the doublets are instead redistributed on a rectangular surface
with height dy = 2R; and width dz = 2N,R; (here N, is the
number of rotors considered; see Fig. 5b).

It can then be shown (see Sec. B.1 for a detailed derivation) that
for rotor numbers of N, > 5, the streamwise distribution of stream-
tube quantities approaches the two-dimensional solution (N, = o0):

a =

Fig. 5 Schematic of the projected pressure doublets with strength Ap
on a) a single rotor disk and b) a rectangular disk surface as considered
in the aeropropulsive model.

effective angle of attack Ac,

upwash })y ARV projection of

contraction streamtube pressure
streamtube

a) confinement b)

streamtube pressure Acy,

A R
mw)=—£ww*(%)
T X

v, (x") x’ 2 (R
Voo =a \/x_/2+ 1 —;tan 7
Ry(x") 14+a

&)

Ry _1+a x—/—i—l %tan_l s
/%2 T x’

in which x’ denotes the streamwise distance from the rotor’s disks,
i.e., x’ = x — x,. The relations of Eq. (9) are used to predict the lift
increase by rotor induction, as is introduced in the next section.

C. Rotor-Induced Wing Lift

Three separate rotor-induced aerodynamic effects on the lift-
generating mechanism of the wing are considered in the model
(illustrated in Fig. 6). Firstly, a contraction of the rotor’s stream-
tube causes an effective upwash near the wing’s leading edge,
leading to a lift enhancement Ac, ,. Secondly, inside the stream-
tube, the pressure varies compared to the surroundings. This
pressure is projected on the wing surface, resulting in Ac; ), (see
Fig. 6b). Finally, if the wing has camber, this causes the streamtube
to deflect downward, creating an additional lift component Ac; ,,,
as shown in Fig. 6c.

The lift increase compared to the isolated wing is modeled by
superimposing each of the three rotor-induced flow effects:

Ac; = Aciq + Acyp + Acyyy (10)

A simplified derivation of the aeropropulsive model is now pre-
sented in the next sections; for additional details, the reader is
referred to Appendices B.2, B.3, and B.4.

1. Effective Angle of Attack

The axial velocity increase v, in the rotors’ streamtubes results in
a vertical induced velocity v; (see Fig. 6a). This generates an
effective upwash at the wing’s leading edge, resulting in an increase
in lift by Ac;,. The increase of angle of attack Aa by the rotor-
induced flow is modeled by the resulting angle between the inflow
vectors of the installed configuration and the geometric angle of
attack, and by considering the affected span of the wing:

increase affected
lift angle of span

——— ZN,.RI _if a -b 2N,R1
Aa ——— = 2acos

lall]) s
Ua(_xr) (ll)
o+ cos(@) {m@}
Y b=
U | in(e) e

thrust vectoring Acy,

e
/ streamtube

deflection

Fig. 6 Schematic of interactions of the rotors’ two-dimensional streamtube on wing’s lift: a) upwash by streamtube contraction, b) the streamtube

pressure, and c) the streamtube deflection.
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in which a is the two-dimensional normalized inflow vector of the
installed configuration and b of the isolated wing. The vertical
induced v; follows from v, (Eq. (9)) by the conservation of mass:

v (x')
v;(x") d v
—=C <R 12
V. 1 I/ 1 12)

Here, C,; is a correction factor used to account for the confined
streamtube by the presence of the wing. The confinement leads to a
higher-than-predicted axial velocity in the streamtube, further
reducing the static pressure around the leading edge of the wing
and increasing vertical-induced velocity v;. The correction for this is
formulated as a power function of the overlap between the predicted
rotors’ free-contraction at the position of the leading edge (i.e.,
R,(—x,)) and the wing’s surface height y, (see Fig. 7 for the
definition of variables), normalized by the rotor radius:

R.(—=x.) — c
C, = max(l,co(w) 1 + 1)
1

) — v\
= max(l, 60(@)5 g 1) (13)

1

The coefficients ¢, and c; are obtained by fitting the experimental
results of the effective angle of attack. The experimental results of
the effective angle of attack are presented in Sec. V.A, and the
details of the fitting process are described in Sec. B.2. Even though
the coefficients ¢, and ¢, are based on experimental data, the
relation of Eq. (13) is universally applicable to over-the-wing pro-
pulsion systems. Nonetheless, to ensure consistency, the coefficients
should be tuned through a more comprehensive training database
that includes variations in vertical rotor positioning.

2. Streamtube Pressure

The rotors’ suction leads to a reduction in pressure in front of the
disk, while the pressure is increased downstream. The generated lift
coefficient Ac; ), due to this effect is predicted by integrating the
pressure in the streamwise direction:

affected ife
span normalization

2N.R, 2
c—X,
Ac;, = T‘ Ve [ p*(x")dx’,

lim, _,_ R(x’ R 1
r 1My o s(-x)z 1(a+ )>1
Yr Yr

fo

(14)

in which p*(x’) is the projected streamtube pressure over the wing
surface (see Fig. 7) for the range of integration. Equation (9) there-
fore only holds when the pressure is overlapping with the wing
surface, explaining the criterion on the right-hand side where the
limit function highlights the maximum streamtube radius, also
illustrated in Fig. 7. The pressure p*(x’) is based on the relation
for the free streamtube pressure p(x’), recall Eq. (9), and in addition
includes a correction g(x’, y,) that accounts for the reduced pressure
due to the streamtube confinement, using Bernoulli’s principle:

Ry(-x0)-y:
Fig. 7 Schematic of the overlap between the streamtube and wing
surface, and the definition of the variables to compute Ac; , and Ac; .

effect of streamtube confinement
n_P
pr(x) = px') =5 (W, (x) + Veo)?(1 = (8(x",y))%).

R,(x")
Vr

15)

g(x',y,) =

Considering that Ac; ,, is based on the overlap between stream-
tube height and wing contour, only the upstream region in the
integral of Eq. (14) is considered in the aeropropulsive model.
Modeling of the lift reduction by the pressure increase downstream
of the rotor array relies on the streamtube—wing attachment point,
which is determined by complex viscous interactions [16]. More-
over, since the attachment point is moved further downstream for
rotors in high-thrust conditions, the effect of the projected pressure
is expected to be dominated by the upstream contribution.

For the second term in Eq. (15), the averaged values (in the
upstream direction) of the induced velocity v, and streamtube
height R, are considered. This reduces the complexity of the integral
of Eq. (14). Details of the derivation and the final expression for
Ac j, are described in Sec. B.3.

3. Thrust Vectoring

The third aerodynamic effect is the deflection of the streamtube in
the vertical direction, providing a form of thrust vectoring. The lift
increase by slipstream deflection Ac,,, follows from a momentum
balance using a streamtube deflection angle ¢, and the velocity V,
and area S, at the exit of the streamtube (see Fig. 6):

rotor
position

———
285,(V, = V)%e X, 2¢;0C X,
A = V2e o ET b 1_? s 1_?

16)

The deflection angle € is set to be equal to the one of the isolated
wing under a = 0°, i.e., &,,, with a weighting (as a function of rotor
position) to account for effectiveness as a thrust vectoring device.
Note that V, and S, in Eq. (16) indicate the streamtube velocity and
cross-sectional surface in the downstream extend and can be found
by taking the limit of Eq. (9) to x’ — +o0.

D. Applicability Range of the Aeropropulsive Model

Several assumptions are made in the derivation of the aeropro-
pulsive model, confining the parameter space over which the
method is applicable. An overview of this parameter space, consist-
ing of both geometrical and performance conditions, is provided in
Table 1. The origin of the limitation is included in the third column
here. Note that the lift part of the model has a more confined
applicability range.

Furthermore, any (steady) aerodynamic rotor-to-rotor effects are
not included, and the lift model is only applicable when the flow at
the leading edge of the wing is attached.

Recall that the calculation of Ac;, includes a correction for
streamtube confinement. Excluding this correction affects the pre-
dicted lift for aft-mounted rotors at low advance ratios, resulting in a
reduction exceeding 15% within the examined parameter space. On
arelated note, the interactions between the rotor and wing induction
are modeled using a single-pass approach, without requiring addi-
tional iterations of the aeropropulsive model. An analysis, presented
in Appendix C, showed that additional iterations lead to a minor
reduction (up to 5%) in the aeropropulsive forces. This minor
increase in accuracy therefore does not justify the additional com-
plexity and obscurity of repetitive computations.

III. Experimental Validation
A. Setup and Wind Tunnel

The experiments were performed in the Aeroacoustic Wind
Tunnel (NLR-AWT) facility at the Royal Netherlands Aerospace
Centre (see Fig. 8). To ensure high quality of the aerodynamic
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Table 1 Parameter space of the aeropropulsive performance model

Origin

Parameter Value
Freestream Reynolds number Re, >250,000
Freestream Mach number M <0.3
Advance ratio J 0<J<Jp

Rotor chordwise position x,/c

Rotor tip gap y, >899
Rotor spacing z,/R; <1.5 (lift)
Number of rotors N, >5 (lift)

0.1 <x,/c<09

Laminar separation not included in model
Incompressible flow assumed for Egs. (9) and (15)
Hover and negative thrust conditions

are not applicable in Eq. (9).

Eq. (5) fails to predict wing-induced velocities at
leading- and trailing edge

Boundary-layer ingestion not included

Required for 2D-streamtube formulation of Eq. (9)

Fig. 8 a) Exterior of the 0.95 by 0.95 m? test section of the NLR-AWT (left) and b) rotor-array-wing setup in the test section (right).

measurements, a closed (0.95 X 0.95 m?) test section was used,
allowing a freestream turbulence intensity level of 0.01% at a
freestream velocity of 20 m/s.

A DLR-F15 wing model was mounted vertically on a turntable in
the floor of the closed test section, as shown on the right-hand side
of Fig. 8. The wing’s chord was 240 mm, and the boundary layer
was tripped at 10% chord on both the suction and pressure sides.
Over the suction side of the wing, an aerodynamically profiled strut
was connected to the same turntable as the wing. The strut serves as
a support structure for five spanwise-distributed nacelles and aligns
each nacelle’s axis to the wing’s chord direction. Inside each nacelle,
a brushless in-runner motor was used to drive a custom-designed
six-bladed rotor (radius of 63.5 mm) at a shaft frequency of 383 Hz
in a counter-rotating orientation (the center rotor anticlockwise
when looking downstream, illustrated in Fig. 1, and subsequent
rotors in alternating directions). The tip-to-tip separation distance
between subsequent rotors is 0.05R;. The blade design of the rotor
is based on a benchmarked version for low-Reynolds-number appli-
cations derived from a NACA4412 airfoil. For additional details on
the blade design, the reader is directed to the work of Grande et al.
[25]. The rotor has been manufactured with CNC out of aluminum
with 0.02 mm precision and cured to avoid material relaxation and
oxidation. The experimental conditions are summarized in Table 2.

B. Measurement Equipment

Integral loading, surface static pressure, and PIV flow measure-
ment techniques are employed, which are discussed in more detail
below. A schematic overview of the measurement system is pro-
vided in Fig. 9a. All measurements (with the exception of PIV) were
obtained at an acquisition rate of 4096 Hz and averaged over a time
frame of 20 s.

1. Integral Loading

Rotor thrust and torque were measured on the center rotor.
Its brushless motor was mounted to the nacelle using two

parallel-mounted uni-axial FUTEK LSB205 load cells (rated
output (RO) of 22.2 N with hysteresis of +0.1% RO and non-
linearity of +0.1% RO) and a FUTEK QTA141 torque cell (RO of
1 N-m with hysteresis of 0.5% and nonlinearity of 0.2%; see
Fig. 9b). The load and torque cells were excited with 7 volts of
direct current (VDC) by a single power supply. Repeated mea-
surements for thrust showed an average deviation of 4%.

The loads of the wing were measured by a custom-made six-
component force balance in the floor of the wind tunnel (see
Fig. 9a). In the x- and y-directions, the balance has a capacity
of 325 and 1800 N, respectively. The uncertainty as a percentage
of the full load range is 0.80% for the x-direction and 0.13% for
the y-direction.

Table 2  Over-The-Wing rotor system operating

conditions
Wing chord ¢, mm 240
Aspect ratio R 4
Shaft frequency (Hz) 383
Number of blades B 6
Rotor radius R; (mm) 63.5
Rotor tip gap y,/R; 0.27
Rotor separation z,/R; 2.05

Rotor chord position x,./c
Advance ratio J
Angle of attack a

[0.3, 0.6, 0.9]
[0, 0.3, 0.45, 0.6]
[-3, 0% 2, 4% 6, 8% 10% 11%
124, 13% 142, 15, 16, 20%]

Wing chord Reynolds 240,000-480,000
number Re,
(3/4) R, rotor blade chord ~60,000

Reynolds number Re,,

“PIV fields were acquired for these angles of attack, for each rotor position
and advance ratio.
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zigzag trip

pressure orifices

Fig.9 a) The 3D schematic of the experimental apparatus and coordinate system, b) zoomed-in plot of the measurement techniques around the center
rotor, and c) contour of the F15 wing model with location of the static pressure taps.

2. Pressure Orifices

The wing’s pressure distribution was measured by 59 static
pressure taps, located at the center-span of the wing, below the
center rotor. The location of the pressure taps along with the contour
of the wing profile is presented in Fig. 9c. The pressures were
sampled by a Scanivalve ERAD4000 measurement system with a
full range of approximately 100 kPa. Based on the spread in the data
of repeated measurements, the experimental uncertainty of the static
pressures was found to be +0.0125C,,.

3. Particle Image Velocimetry

The flow over the suction side of the wing is characterized using
planar, 2-Dimensional 2-Component particle image velocimetry
(PIV). For this, the flow was seeded with DEHS tracer particles
(comprising a relaxation time of 7 = 2 us) that were illuminated by
an Evergreen laser (200 mJ/pulse) in a sheet of 3 mm thickness (see
Fig. 9a). Illumination was performed at a rate of 15 Hz, and the
duration of each pulse (pulse width) was 6 = 25 ns. The center of
the laser sheet was positioned with an offset dz in the spanwise
direction (see Fig. 9b) of 12 mm from the center rotor axis to avoid
any shadows from the nacelle. Particle images were acquired using
two sCMOS cameras (Imager sCMOS CLHS), placed outside the
wind tunnel test section at a distance of 0.8 m from the measurement
region. The cameras were equipped with a lens system of focal
length f = 50 mm, set at a numerical aperture of f; = 8. The
resulting field of view spans 36 x 24 cm? (6R x 4R). System syn-
chronization was obtained with a LaVision Programmable timing
unit (PTU X), and each measurement was composed of at least 200
recordings for a time duration of 13 s. An overview of the illumi-
nation and imaging conditions is presented in Table 3.

Planar velocity components were inferred from cross-correlation
of two recordings, with a window size of 32 x 32 px? and an over-
lap of 75%. This resulted in a vector resolution of 2.4 mm and a
vector spacing of 1.15 mm. The measurement uncertainty for the
time-averaged velocity field is determined by the ratio between the
relevant velocity fluctuations (magnitude of the standard deviations)
and the square root of the number of statistically independent
measurements. This results in an uncertainty of 0.01% of the free-
stream velocity in the majority of the domain but locally increases to
6% in shear regions of the flow.

IV. Results
A. Flowfield Statistics

The general flow features of the rotor—wing system are investigated
by considering three levels of inclination for a fixed rotor position of

Table 3  2-Dimensional 2-Component PIV illumination and
imaging conditions

DEHS
Particle relaxation time, 7 (us) 2

Seeding type

Tlumination

Sheet thickness, 6z (mm)
Pulse width, 6t (ns)

Repetition rate (Hz)
Camera type
Camera resolution

Objective focal length, f (mm)
Numerical aperture, fx
Optical magnification, M
Field of view (cm?)

Number of recordings
Image analysis

Vector pitch (mm)

Evergreen (200 mJ/pulse)
3

25

15
2 x Imager sCMOS CLHS
2560 x 2160 px>

50
8
0.07
36 x24

200
Cross-correlation
(32 x 32 px?, 75% overlap)

1.15

x,/c = 0.6, namely zero angle of attack, an angle of attack of 8°,
which positions the rotor in a strong adverse pressure gradient, and the
early onset of stall at @ = 12°. The time-averaged velocity magnitude
contours and two-dimensional velocity streamlines in the plane with
an offset of 0.2R in the spanwise direction from the center rotor’s axis
is presented in Fig. 10. The top row presents results with the rotors
removed. Evidently, the acceleration of the flow over the wing’s
suction side is relatively moderate for @ = 0°, but increases for a =
8° due to the enhanced circulation of the wing. Inclination of the wing
toa = 12°, in Fig. 10c, shows that the boundary layer separates close
to the leading edge, which marks the onset of stall.

When proceeding to the case of a low thrust condition (J = 0.6),
an increase of velocity appears over the wing (see Figs. 10d and
10e). The flow is primarily accelerated downstream of the disk,
leaving the upstream region largely unaltered. Nonetheless, for
a = 8°, the induced flow of the rotors causes separation from the
wing at roughly 0.8¢ chord (compare Figs. 10b and 10e) by the
entrainment of flow toward the slipstream. The result for the early
stall condition in Fig. 10f shows that the limited suction of the rotors
prevents the boundary layer from reattaching. By reducing the
advance ratio to J = 0.3, the rotors’ thrust increases, leading to a
stronger contraction of the rotor’s streamtube and higher induced
velocities, both upstream and downstream of the disks. The flow
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Fig. 10 Normalized velocity magnitude contours and 2D streamlines for @ = 0°, @ = 8°, and a = 12° for the rotors-off case (a—c), J = 0.6 (d-f), and

J = 0.3 (g-i). The rotor position is fixed at x, /c = 0.6.

topology, relative to the lower thrust conditions of J = 0.6, changes
significantly when changing the system’s angle of attack. For a =
8° in Fig. 10h, the pressure jump over the rotor disk increases the
adverse pressure gradient imposed by the wing and causes the flow
to separate. As a consequence, the rotor ingests flow from down-
stream of the disk, leading to stagnation upstream of the disk. By a
combination of this stagnation and the contraction of the slipstream,
the flow over the wing separates close to the leading edge. This
phenomenon remains unchanged with a further increase in the
geometric angle of attack, since the data for a = 12° presents a
similar flow topology (see Fig. 10i). However, in this case, the
shear-layer height in the upstream region of the rotors has grown
by the larger geometric angle of attack.

Another characteristic of the flow that manifests itself strongly for
the J = 0.3 case is an increase in flow angle upstream of the wing
(x <0 and y < 0) with respect to the rotors-off conditions (compare
Figs. 10a-10c to Figs. 10g-10i). This behavior was included in the
aeropropulsive model and will be discussed in more detail in Sec. V.A.

The effect of the rotors on the wing’s pressure distribution is
shown by the results of the static pressure measurements in Fig. 11.
Note that in this case the pressures are extracted directly below the
center rotor axis at the wing’s surface, without the offset in the
spanwise direction as used to generate Fig. 10.

For a = 0° in Fig. lla, the rotors-off data have comparable
pressure distributions on the suction and pressure sides. When includ-
ing the rotors, the flow accelerates, leading to a lower static pressure
upstream of the disk. Downstream of the disks, the total pressure
increases, leading to an increase in static pressure on the wing. These
effects are noticeable for J = 0.3 in particular. The occurrence of a
suction peak for / = 0.3 and the increase in pressure on the pressure
side are effects that are consistent with the observed increase in flow
angle, as was observed in Figs. 10g—10i.

Similarly, the pressure profiles for a = 8°, presented in
Fig. 11b, show an increase of the suction peak up to C, =~ —3
and a stagnation point on the pressure side that moves toward the
trailing edge by the rotor-induced flow. However, in the vicinity of
the rotor, i.e., x,./c = 0.6, the results are different than those for
a = 0°. That is, for the inclined system at an advance ratio of
J = 0.3, a small pressure plateau at x,/c = 0.5 hints upon the
occurrence of flow separation. The pressure jump just down-
stream at the rotor disk location is now reduced in magnitude
(Fig. 11a) and is ascribed to the recirculation bubble downstream
of the disk, as seen in Fig. 10h.

Finally, in the separated flow region that occurs at a = 12°
(see in Fig. 11c), the pressure plateau is visible at x/c = 0.1, for
the rotors-off condition. For the installed configuration, the

a=0° a=8° a=12°
'6.0 T T T T T r T T T T T T T T T
rotors off |\
4.5 — — —J=06
—_ — —=J=03
-3.01 -
<) [
450N — .
r—_—--==_
L | ————— |
0.0 F,___— ==
15 1 1 1 1 1
0 0.2 0.4 0.6 0.8
a) z/c b) x/c c) z/c

Fig. 11  Pressure coefficient C,, along the wing’s contour for the rotors-off condition, / = 0.6 and J = 0.3: a) = 0°, b) @ = 8°, and ¢) « = 12°. The

rotor position is fixed at x, /c = 0.6.
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pressure plateau starts at the same chordwise position, but the
pressure is reduced depending on the advance ratio and there-
fore the rotors’ thrust delivered. Note that even though the
separation point at the wing is maintained, the effective angle
of attack is enhanced, and therefore the flow curvature increases
with respect to the rotors-off condition. Additionally, the rotors’
suction also deflects the shear layer, which further increases the
flow curvature after separation has occurred. As a consequence
of these effects, the difference between the installed and rotors-
off pressure distribution is more substantial for this angle of
attack, and therefore the largest increase in lift is expected in
poststall conditions.

B. Boundary-Layer Separation

In the previous section, it was shown that the rotors operating in
low thrust conditions (J = 0.6) were not able to delay the boundary-
layer separation from the wing’s leading edge. In addition, for high-
thrust conditions, the rotors caused a region of flow reversal
between the rotor and wing, leading to local flow separation
upstream. These effects are described in more detail now by evalu-
ating boundary-layer profiles along the wing’s chord for a relatively
fine discretization of the angle of attack.

Figure 12 presents the axial velocity profiles, extracted at differ-
ent chordwise positions along the wing. For @ = 4° (Fig. 12a), the
decrease in J causes an increase in axial velocity while maintain-
ing the same profile shape as the rotors-off condition. This persists
until x/c~ 0.5, where the axial velocity close to the wing is
reduced due to the pressure jump that occurs over the rotor disk
for J = 0.3. Thereupon, separation downstream of the rotor for this
advance ratio is also observed. When the system is inclined to a =
8° in Fig. 12b, the rotor-induced separation is moved further
upstream and occurs from x/c &~ 0.3 onward. Further inclination,
in Figs. 12¢ and 12d, has no further effect on the flow topology of
the data corresponding to J = 0.3. In contrast, when the rotors
produce limited thrust (J = 0.6), they are able to delay flow
separation over the wing. Around the isolated wing stall angle of
a = 10° (Fig. 12c), the boundary layer remains thinner than the
rotors-off condition. This reduction in separation is noticeable both
upstream and downstream of the rotor array. This delay in sepa-
ration disappears again for larger angles of attack, as shown for
a = 11°in Fig. 12d.

The effect of the rotors on the location of the separation point and
the shear layer profile during ingestion is shown by the distribution
of the normalized shear layer height, as presented in Fig. 13.
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Fig. 12 Axial velocity profiles upstream of the rotor extracted at x/c = 0.1,

x/c=03,x/c =05,andx/c = 0.7 fora)a =4°,b)a = 8° ¢c)a = 10°,

and d) @ = 12°. The rotor position is fixed at x, /c = 0.6, and the blade is shown by the black surface. To provide an indication of the velocity magnitude

of the profile, a gray arrow is shown with its length being representative of

the freestream velocity magnitude.
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Fig. 13 Normalized shear layer height yg; / for a) @ = 10°, b) @ = 11°, and ¢) @ = 12°. The rotor position is fixed at x, /c = 0.6.
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The shear layer height is identified from the velocity field as the
maximum of the vertical derivative of the velocity magnitude, i.e.,
yst, = max(dV/dy). For the rotors-off conditions, the shear layer
adheres to a rather linear profile as a function of the chordwise
coordinate x, the slope of which increases with the angle of attack.
With the rotors operating at J = 0.6, the flow is still attached for
a = 10°, as shown in Fig. 13a. For the larger values of «, the data
for this advance ratio show a similar straight function of the
boundary-layer thickness as the rotors-off condition, although with
an increased slope (see Figs. 13b and 13c). Moreover, the separation
point is unaffected by the rotors for this advance ratio. The increased
suction of J = 0.3 generates a thicker, parabolic shape for the
boundary-layer thickness, which is independent of a. Based on
these experimental results, an approximate, linear function for the
shear layer ingestion height is implemented in the model [recall the
discussion on Egs. (6) and (7)].

V. Model Validation

Trends in the aeropropulsive performance of the wing—rotor-array
system are now described and compared between the empirical
observations and the model predictions. First, we start with a
validation of the modeled flow features (Sec. V.A), after which
the propulsive thrust and wing lift augmentation are covered in
Secs. V.B-V.C.

A. Rotor-Induced Effects

In Sec. II.C, three rotor-induced flow features were introduced
that form the foundation of the lift part of the aeropropulsive
model. Both the presence of the upwash (Ac;,) and thrust vector-
ing (Ac; ) sources of lift and their dependence on rotor position-
ing are validated with the experimental PIV data. Note that
validation of the projected streamtube pressure (Ac; ;) is excluded
here, as the other rotor-induced lift-generating contributions affect
the experimental wing pressure values, making direct comparison
unreliable. Nonetheless, a simplified comparison, for a condition
where the effects of the other lift contributions are minimized, is
included in Appendix D.

Recall that the upwash is generated by the rotor contraction
upstream of the wing. To validate this flow feature, the system’s
inflow angle is extracted from a quarter wing chord upstream of the
wing and averaged over a vertical length of half a wing chord
(x/c = =025, y/c =[-0.25,0.25]) using the measured velocity
fields. This sample domain is outside of the stagnation region of the
wing, and small variations in the horizontal position gave consistent
results. The change in inflow angle, Aa, due to the rotors induction
is taken by subtracting the rotors-off inflow angle from the value of
the installed configuration.

In Fig. 14a, the generated upwash as a function of the geometric
angle of attack for a rotor position of x,/c = 0.3 is considered.
This rotor position was chosen to eliminate the effect of the
confined streamtube (recall the discussion on the correction factor
C; in Sec. IL.C.1). The results show positive values of Aa,

corresponding to an increase in the angle of attack by operation
of the rotors. Experimental data of the low-advance ratio of
J = 0.6, indicated by the markers, present a decreasing trend with
« until reaching the stall angle of a = 12°. After this, the value of
Aa increases gradually, reaching a plateau of Aa ~ 5°. The trend
for J = 0.3, is comparable to that of J = 0.6, although the positive
slope of Aa occurs at a lower value of a, caused by the generation
of the flow reversal between rotors and wing, as was shown in
Fig. 10h. The significant increase in the effective angle of attack in
poststall conditions can be explained by the flow nonuniformity
that is generated by the ingestion of the shear layer. Such con-
ditions cause an abrupt increase in rotor induction in the lower half
of the rotor array, and therefore more fluid is entrained around the
wing’s leading edge.

Predictions of Aa only concern conditions where the flow at the
leading edge is attached (i.e., a < 10°). As such, the modeled
relations for Aa are shown with the dashed lines up to @ = 10°
and show a similar decreasing trend with «, although with an initial
overestimation for J = 0.3.

In Fig. 14b, the increase in inflow angle Aa is shown for different
chordwise rotor positions and @ = 0°. The experimental data show a
constant value for J = 0.6 and a linear decreasing trend with rotor
position for J = 0.3.

For J = 0.6, the rotor vertical position exceeds the predicted
streamtube height, and no correction takes place (i.e., C; =1 in
Eqgs. (12) and (13)). Nonetheless, the modeled results show a lower
value of A for the mid- and aft-mounted rotor. Note that a rotor also
induces a flow outside of the streamtube by its vortex system [26].
Such complex effects are not included in the model but could
explain the discrepancies in low-thrust conditions.

Another lift contribution in the aeropropulsive model is the deflec-
tion of the rotors’ slipstreams by the wing’s contour (i.e., Ac; ;,). This
effect is validated by tracking the slipstream boundaries (localized
using the extreme values of the vertical derivative of the velocity
magnitude, i.e., dV /dx) and taking the average position of the top and
bottom boundary. Then, the local angle of the streamtube is fitted by a
linear function and extracted at x/c = 1.1. Finally, the streamtube
angle directly behind the disk (at x/c = x,/c + 0.15) is removed
from this value to obtain the deflection angle e. The slipstream
deflection angle e is presented in Fig. 14c for a = 0° and shows
large differences between the lower and higher advance ratios. The
higher advance ratio of / = 0.6 shows a negative ¢, corresponding to
the slipstream being deflected downward. For a lower advance ratio
of J = 0.3, the deflection angle € is positive, due to the slipstream
separation (see Figs. 10g and 12a). Note that the modeled slipstream
deflection is independent of the advance ratio and resembles the
results for J = 0.6.

B. Propulsive Thrust

Results of the rotor’s thrust coefficient C; as a function of the
angle of attack a are presented in Fig. 15 for the three chordwise
rotor positions and J = 0.3 and J = 0.6. Here, the mean of
repeated experimental results is presented by the markers, while
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Fig. 14 Comparison between modeled (dashed lines) and measured (markers) rotor-induced flow features: a) the increase in inflow angle Aa
compared to the rotors-off condition (extracted at (x/c,y/c) = (—0.25,[—-0.25,0.25])) for x,./c = 0.3, as a function of a; b) the increase in inflow angle
Aa for a = 0° as a function of rotor positioning; and c) the averaged angle of the rotor slipstream ¢ extracted at x/c = 1.05.
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— — — experimental isolated (o = 0°) x experimental installed experimental spread ———— model
x/c=0.3 z,/c=0.6 x/c=0.9
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Fig. 15 Center rotor’s thrust coefficient C; for a) x, /c = 0.3,b) x,. /¢ = 0.6, and c¢) x, /c = 0.9. Experimental results have been averaged over repeated
measurements. The spread in the values of the installed configuration is shown by the translucent surfaces. The solid lines present the modeled trends.
The different colors indicate different values of the advance ratio: J = 0.3 (black) and J = 0.6 (blue).

the hatched area resembles the repeatability of independent load
measurements.

For the installed configuration, the thrust is reduced with respect
to the isolated rotor for most of the concerned angles of attack.
Below a = 12°, a downward trend with inclination is visible. The
slope of this trend increases for a more forward-positioned rotor and
with the advance ratio J. The model results, shown by the solid
lines, capture these effects. This indicates that the loss in thrust can
be attributed to the increasing circulation of the wing.

Around the stall angle of the wing, i.e., @ = 10°, the thrust
increases again. Placing the rotor further toward the trailing edge
increases the amount of re-ingestion, having a larger effect on
the thrust augmentation. Since the stall criterion is a singularity in
the model, this is also returned in the thrust predictions, while the
measurements show a smoother pattern along stall conditions. The
model slightly underpredicts the slope of the thrust in these con-
ditions. This can be attributed to the increase in shear layer height by
the operation of the rotors (recall Fig. 13). This increment in the re-
ingestion region is not included in the model.

C. Wing Lift

The lift increase of the wing, by the rotor-induced flow, is
presented in Fig. 16, by the lift coefficient c¢;. For the predictions,
the lift increase by rotor induction Ac; is combined with the isolated
wing’s lift coefficient c; (obtained through the Viterna and Corrigan
model [27]).

In Fig. 16, the rotors-off condition shows the lift curve with the
well-known features: a linear regime up until the stall angle of
a = 12°, after which the lift is reduced. Operation of the rotors
increases the lift for each of the investigated chordwise rotor posi-
tions, advance ratios, and angles of attack. This lift enhancement
decreases with the advance ratio J, as shown by the trend arrow in
Fig. 16a.

In the prestall regime of the lift curve, i.e., @ < 12°, the results of
the wing with rotors installed show a reduced slope compared to the
rotors-off condition. This is caused by the fact that the rotor’s thrust

is reduced with inclination, therefore reducing the induced flow as
well. Considering the chordwise position of the rotor, the aft-
mounted rotor, i.e., x,./c = 0.9 in Fig. 16¢c, shows an increase in
¢; by 10% compared to the forward rotor position of x,/c = 0.3.
The lift enhancement compared to the rotors-off conditions is
abruptly amplified once the stall angle is reached. This is ascribed
to the increase in the effective angle of attack (Fig. 15).

The model predictions, for prestall conditions, show a compa-
rable increase in lift and a similar reduction of the slope for
J = 0.3. Nonetheless, the lift increase for the mid- and aft-
positioned rotor is slightly underestimated for J = 0.6. For these
conditions, the rotor vertical position y, exceeds the modeled
streamtube height R (x’); i.e., the wing is located outside the
rotors’ streamtubes, and the model predicts only a marginal lift
increase. In reality, rotors induce flow outside of the streamtube
region by their vortex systems [14]. Such complex vortex-induced
velocities are not considered in the model but can contribute to the
lift of over-the-wing propulsion in low-thrust conditions [26],
explaining the observed discrepancies.

To show the variations with rotor positioning more clearly, the
lift increase Ac; as a function of the rotor position x,/c is pre-
sented in Fig. 17 for a moderate (o = 0°) and high angle of attack
(a = 6°). Here, the modeled contributions to the lift have been
decomposed to highlight the effect of the different aerodynamic
features.

In Fig. 17, the measurements show variations in lift coefficient
with chordwise rotor position x,/c of up to 10%. For moderate
inclination of @ = 0° in Fig. 17a, a maximization of the lift for a
midpositioned rotor is found, while the rotor positioned closest to
the leading edge gives the lowest lift enhancement. Instead, for the
higher inclination (Fig. 17b), a linear behavior with rotor position is
found, in which the lift for the aft-mounted rotor is 18% higher than
for the forward-mounted rotor.

The predictions show an increase in lift coefficient with rotor
position x,, although a local enhancement in lift around x, /¢ = 0.3
due to the effective angle of attack is also observed. The decom-
position of the modeled components shows that the lift increase due

experimental rotors-off x experimental installed —————— model
z./c=0.3 z,/c= 0.6 x,/c=0.9
4f X1 X
X
3r xxxxxx x xxxxx>< E xxxxxx
T 2f X " x x X xX x
x X x /)/KJ/ )X XXX x XX
1t . xx XX X x "»*Wx T x/xyx
o1 T =
-1
-4 0 4 8 12 16 20 4 0 4 8 12 16 20 4 0 4 8 12 16 20
a) (67 b) 67 c) o

Fig. 16 Wing’s lift coefficient ¢; for a) x,/c = 0.3, b) x,/c = 0.6, and ¢) x, /c = 0.9. The solid lines present the modeled trends. The different colors
indicate different values of the advance ratio: J = 0.3 (black) and J = 0.6 (blue). The rotors-off condition is shown by the gray line for Re, = 480,00.
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x measurements ———— model model Acyq model Acy model Ac;
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Fig. 17 Difference in lift coefficient Ac; compared to the isolated wing and decomposition of the model components, as a function of rotor spacing, for

J=03and a) a =0° and b) a = 6°.

to the projected pressure distribution Ac; ,, and the increase in the
effective angle of attack Ac;, are comparable in magnitude for a
midmounted rotor. For a forward-mounted rotor, Ac;, clearly
becomes the dominant term, while for the aft-mounted rotor, the
lift is prevailed by the reduced pressure due to rotor suction. Ac, is,
however, more strongly reduced by inclination than Ac; ,, which
could explain varying trends with « observed in the experimental
data. The predicted increase in lift due to streamtube deflection
Ac, ,, shows to be negligible for the used airfoil, due to the limited
amount of camber.

VI. Conclusions

A semi-analytical model is proposed that captures the aeropro-
pulsive performance trends of fixed-pitch, over-the-wing rotors at
incidence. The model employs a single-pass strategy resulting in an
expression where the dominant performance and geometric design
parameters appear explicitly. Consequently, the model bears rel-
evance to the understanding of the aeropropulsive performance of
such a system during the transition from vertical to horizontal flight.
The installed rotor’s thrust is modeled through the definition of an
effective advance ratio, determined by the inviscid velocity
increase by the wing’s circulation and the predicted momentum
deficit by shear layer ingestion. Model predictions and experimen-
tal data reveal a similar reduction in rotor thrust when rotors are
positioned over the suction side of the wing. The difference
compared to the isolated rotor depends on a combination of the
advance ratio, angle of attack, and the chordwise position over the
wing. In the prestall regime, the thrust is reduced most signifi-
cantly for the rotor position near the wing’s leading edge. Around
the wing’s stall angle, the rotor operated in low-thrust conditions
showed to energize the boundary layer, resulting in a delay of
leading-edge separation by approximately 1 deg. Increasing the
thrust was shown to be unsuccessful in increasing this delay,
because flow-reversal regions appeared due to the adverse pressure
gradient generated by the rotors.

The rotors’ induced flow affects the wing’s lift through a gen-
erated upwash, the projection of the streamtube pressure on the
wing’s surface, and the deflection of the streamtube. In the prestall
regime, these effects increase lift but reduce the lift slope compared
to the rotors-off conditions. The reduced slope is the result of the
reduction of thrust by the increasing circulation provided by the
wing and the decreasing contribution of the rotor-induced upwash
with geometric inclination. For most of the investigated parameter
space, the aft-mounted rotor showed the highest value of the lift, up
to 10% higher than the forward-mounted rotor. The model predicts
the general trends of the lift curve, but discrepancies are found for
the low thrust conditions. These are expected to stem from the
induced velocity outside the streamtube region, generated by the
rotor vortex system, which is not considered in the model. On that
note, the complex, viscous interactions due to the streamtube—wing
adherence downstream of the rotors are not included in the model
but could affect the pressure and thrust vectoring terms of the lift

prediction. Such effects could be included through empirical rela-
tions to correct the model results.

Although the effect of the rotors on the leading edge separation
is marginal, an abrupt increase in lift was observed once separa-
tion occurred. This is the result of an additional increase in the
rotor-induced upwash while maintaining the separation point at
the same position along the wing’s chord as for the rotors-off
condition.

Appendix A: Derivation of the Thrust Model

A.1. Circulation

The induced velocity by circulation is approached by the inte-
gration of the bound vorticity of the wing. The wing’s circulation
', based on the lift coefficient c¢; reads

Lot = (AD)

It is assumed that the circulation I'y, forms a parabolic distribution
along the wing’s chord, from which the circulation distribution I'(x)
follows:

I(x) = % (1 - G)Z)Fmt - %c,Vooc(l - (%)2) (A2)

The induced velocity by the two-dimensional bound circulation
distribution is then computed by the integration of Biot—Savart law.
For the horizontal induced velocity V-, at a rotor position (x,, y,)

this reads:
reo((2-249)
c c

e L f .
Voo B Z”Voo 0 (&_xy(s))2+(&_yy(s))2 y

c c c c

c (1 r®y,

a Z”Voo A (xr - xy)z + y% g (AS)
in which s is defined as the line of the vorticity distribution, given by
the x- and y-coordinates x, and y,, respectively. The vorticity source
is considered as a horizontal line (i.e., y,0), which returns the right-
hand side of Eq. (A3). Then, by substitution of Eq. (A2) in Eq. (A3)
and working out the integral, the final expression for the normalized
axial induced velocity yields:

Ve So (. (24
Ve  8mc? Py (¢ —x.)% +y?
+ (2 —y2-c?) (tan‘1 (xry_ C) —tan~! (;&)) - y,c)

(A4)
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A.2. Shear Layer Ingestion
At sufficiently large angles of attack, the wing’s boundary layer
will separate from the wing. The correction for the effect is given by
J SL-

(AS5)

\% A
m=hmm%15ﬁ“

\%4 R?

For simplicity, the velocity below the shear layer is assumed to be
zero, i.e., Vg = 0. The function f(a,a.) in Eq. (AS) is a stall
criterion which has the form of

(a—a,) 1 \/;
a) = 2% 4 =0818,/0 (A6
fe) = fa=a 2 o

The area Ag;, can then be found by integrating the rotor disk area
below the shear layer height:

ASLI/“R VO =y)? +Ridy (A7)
YKy

in which yg (x) corresponds to the shear layer height of the installed
wing, at the chordwise position of the rotor x,:

mm=@%MM) (A8)

Integration of Eq. (A7) and substitution in Eq. (AS) leads to the
exact expression of Jg; :

—_1_ (a_ac) 1 ySL(x)_yr _ _
Jo=1 (2 ((a—ac))2+2)( g VR = (ysL(x) —y,)?

o ysL(¥) -y, ) l)
T (¢R%—omxm—y»2 "2 (49

Appendix B: Derivation of the Lift Model

B.1. Streamtube Properties

Using the approach of Veldhuis [14], the rotor disks are modeled
as uniform distributions of pressure doublets with strength Ap =
p» — pi. Here, p; indicates the pressure in a point directly in front
and p, directly after the rotor disk. Considering a reference point r
at a given distance /, from the rotor disk, the pressure in r is found
by:

Ap [ 0
Pr=g0 0n(l)ds forl, >0 B1)

in which S is the surface of the distribution of pressure doublets.
Rather than a circular disk, the rotor array is modeled by a rectan-
gular surface with length 2N;R; and width 2R,. Considering a
reference point in the center of the streamtube (i.e., y =0, z =0,
and n = x), the pressure returns:

/NR'/ dy, d (B2)
Z
N, R, (** 4+ 32 + 2)3/2 yea

Solving the integral of Eq. (B2) returns the streamwise distribution
of pressure p(x) for a rectangular streamtube:

2
N,R; ) (B3)

x/(N? + DR? + 12

The axial-induced velocity v,(x) upstream and downstream of
the disk then follows directly from the result Eq. (B3) and the
momentum equation [14]:

A
p(x) = 2P fan-1 (
z

2
vu(x) — a( X + 1 —%tal'fl ( NrRl
7 X

B4
W)) .

in which

Ap
2pV2,

a= (B5)

Considering N, = 5, the term within brackets in Egs. (B3) and (B4)
reduces to

N,R? R
ol ~—L forN,>5 (B6)

x/ (N2 + DR? + x> X

Consequently, the streamwise distribution of pressure p(x)
and induced velocity v,(x) approaches the two-dimensional

solution:
A R
p(x) = 2P tan! (—1)
T x

v, (x) X 2 (R,
i(Ger e (V) e

Finally, by the continuity equation and the result of Eq. (B7), the
height of the two-dimensional streamtube R (x) yields:

Ry(x) 1+4+a
N 2 R
R, 1—|—a(\/x—_2+1—;tan‘l(71))
X

B.2. Effective Angle of Attack

The increase in lift by the effective angle of attack Ac; , follows
from the difference between the predicted installed and the isolated
wing’s inflow angle Aa:

(B3)

incr case affected
lift angle of span

—~—
r—/\/—’\erRl 71(a~b)2N,Rl
= 27co —
lallbl) S

(B9)

in which the term on the right side corrects the result for the affected
span region of the wing. The two-dimensional velocity vectors a
and b are for the installed configuration and isolated wing respec-
tively, at the wing’s leading edge:

Uy (—X,)
7‘/& + cos(a) cos(a)

a= , b= |: ) ] (B10)
Vi ( r) + sin(a) sin(a)

Substitution of Eq. (B10) in Eq. (B9), applying the small-angle
approximation for a, gives the expression for Aa:

a?\ v, (=x,) v;(=x,)
1_7 a r 1 r 1
1 ( 2) Voo e Voo *

Vg (_xr) o*\? vi(_xr) 2
J(vw’“_2)+(‘@ +0

(B11)

Aa = cos~

The axial induced velocity v, upstream of the disks follows from
Eq. (B7), resulting in:

v _ 2a

Ve b4

(&) for x < 0 (B12)
X
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By the acceleration in the axial direction, the flow will be entrained
from the vertical direction by a velocity v;, which follows from the
law of continuity:

d(va(x))
v‘,-/(:)zcl (‘]/xoo R,

2aV R
= =0l forx<0 (BI3)
z(x* + R7)

In Eq. (B13) the coefficient C is used to correct the results for the
blockage of the wing, limiting the contraction of the streamtube in
high thrust conditions (recall Fig. 7). This results in a higher axial
velocity and lower static pressure upstream of the disk than the
predictions of Eq. (B7), which concern a free contraction of the
streamtube. Consequently, this effect is expected to generate a
greater upwash at the wing’s leading edge, and scales with the
overlap between the free-contraction stream tube height R, and
the vertical rotor position y,.:

Cl _ f(Rs(_;:rl) - yr) ~ CO(R.?(_;:) _yr)c1 +1 (B14)

A power function is then formed using the expression of the
overlap region, as shown on the right side of Eq. (B14). The final
expression for C; is found by minimization of the L,-norm
between the predicted and measured upwash (as used to generate
Figs. 14a and 14b). During the minimization, only integer values
for ¢, are considered, while c¢; uses both integers and half-

integers:
R.(— — 5/2
c :max(1,60(75( )I;’) y’) +1) (B15)
1

B.3. Streamtube Pressure

The effect of the projected streamtube pressure is only considered
when the maximum streamtube height R, exceeds the vertical rotor
spacing y,. The effect of this pressure on the lift of the wing Ac; , is
computed through:

affected life
span normalization

NR 2

rivl R %

Ac,, = 5 psz/ pE() dx’,
© —x,

for lim, ,_ R(x") _

Ri(a+1
1 )>1
Yr Yr

(B16)

in which p*(x’) is the projected streamtube pressure over the wing
surface. This pressure is based on the relation for the streamtube
pressure p(x’) [Eq. (B7)] and includes a correction due to the effect
of the streamtube confinement (recall Fig. 7). The streamtube con-
finement leads to a reduction in effective streamtube height, leading
to an increase in axial velocity. g(x’, y,) corrects the axial velocity
to find v*:

V) = ) + V)8 3n) = (a&) + Vi) (x ),
for @ >1 (B17)

The correction function g(x’, y,) is defined as the ratio between
the free-contraction R (x’) and confined contraction streamtube
height y,. Using Bernoulli’s equation, the pressure p*(x’) yields
the free-contraction stream tube pressure [Eq. (B7)] and a second
term that includes the streamtube confinement effect:

P+ B0 + V)83, = () + 5 (0, () + Vo)’

(B18)

pr(x") = p(x’) —g(va(X’) + V(=g y)?)  (B19)

Equation (B19) is then integrated during which the integrals are
split, and only the upstream part of the rotor’s streamtube is
considered:

/_C_x' pr(x")dx’
:
N f @) / 2 (0, + Vi1 =gy, P dx (B20)

The first term of Eq. (B20) is found by integrating Eq. (B7):

o Ap(l R? R
/_xrp(x)dx =7(§R1 &1(R2+ )+xtan ](_;r))

(B21)

The second term of Eq. (B20) is further simplified by defining
the axial velocity and rotor contraction as the averaged value of
the freestream condition and the rotor disk:

Do () + Vg o = “v“;x”v Oy, = vm(g+ 1)
(B22)
R s e (2+ 1) (B23)

This reduces the second term of Eq. (B20) to:

B /0 g(va(x’) + V)2 (1 —g(x',y,)?) dx’

() e
P (-EE))

Substituting Eqgs. (B20) and (B21) in Eqgs. (B24) and (B16)
gives the final expression of Ac;,:

2N,R; (4a (1 R? R
Acy, = < 1 (; (ER] U (R2 s ) + x,tan” (_—xlr))
a 2 R] 2
o) (-GE))) e

B.4. Thrust Vectoring

From a momentum balance, the lift increase due to a stream tube
deflection by ¢ yields:

28,(V, — V)2 sin(e)
Vic

Acip, = (B26)

In the aeropropulsive model, the angle ¢ is based on the flow
deflection by the isolated wing €,, under @ = 0°, and it is assumed
that this depends linearly on the position of rotor along the wing’s

chord:
2
¢ = ew(l _ﬁ) = Zuof (1 —ﬁ) (B27)
c S c

The streamtube cross-sectional surface S, and velocity V, are
extracted by taking the limit of the streamtube contraction R, and
velocity V:
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|
S, = 2N, R, lim (2R, (x')) = 4N, R2 & (B2S)
x' =00 1 + 20

V, = lim (V,(x") + Ve = 2a + )V, (B29)

Substitution of Eq. (B27), Eq. (B28) and Eq. (B29) in Eq. (B26) and
assuming small angles for ¢, results in the final expression of the lift
increase by slipstream deflection Ac;,,:

2 2.
64N, R(1 + a)aPeyy (1 _ x_) (B30)
-

Ac/ . =
Chaw (1 + 2a)zS

Appendix C: Validation of the Single-Pass Strategy

The mutual interference of rotors and wing has been modeled
using a single-pass strategy. To validate this approximation, pre-
dictions are compared to results obtained from running the same
model over multiple iterations. These iterations are performed by
including the rotor-induced lift [Eq. (10)] in the circulation dis-
tribution of the wing [Eq. (4)] and recomputing the effective
advance ratio [Eq. (2)]. The found thrust C7 and lift coefficient
¢, for different iterations i, normalized by the single-pass results,
are presented in Fig. C1.

The results presented in Fig. C1 correspond to the rotor position
that exhibited the greatest deviation between the single-pass (iter-
ation 1) and the converged results, within the investigated parameter
space. Both thrust and lift values converge after the third iteration
and show a reduction compared with the single-pass results of up to
5%, dependent on the advance ratio.

Appendix D: Validation of Projected Streamtube

Validation of the projected streamtube mechanism Ac;, is
performed by comparison with the experimental pressure distri-
bution below the rotor axis. It is important to note that other rotor-
induced lift-generating contributions also impact the experimental
pressure values of the wing (effective angle of attack, thrust
vectoring). To minimize these effects, the validation is based on
data for the aft-positioned rotor, without inclination (x,/c = 0.9
and a = 0°). Figure D1 displays the experimental and modeled
[by Eq. (15)] rotor-induced pressure distribution for J = 0.3
and J = 0.6.

For J = 0.3 in Fig. Dla, a good match is observed between the
experimental and modeled pressure distributions. However, discrep-
ancies are noted near the leading edge due to the rotor-induced
increase in the angle of attack in the experimental results. Further-
more, closer to the rotor (0.6 < x/c <0.9) the model does not
capture any rotor-induced pressure reduction because the rotor
height exceeds the streamtube height, i.e., R (x)/y, < 1. This
limitation also applies to J = 0.6 in Fig. D1b, where the modeled
rotor-induced pressure distribution equals zero, leading to an under-
prediction compared to the experimental value. This discrepancy is
tied to the induced velocities of the rotors’ vortex systems, which are
not considered in the model.

Acknowledgments

This research is funded by the European Union’s Horizon 2020
research and innovation program, under grant agreement
no. 860103, project Enabling Optimized Disruptive Airframe—
Propulsion Integration Concepts (ENODISE). The authors would
like to acknowledge Tim Deleij and Laurens de Haan for their
assistance during the experiments and Tom Lanters for the design
of the rotor mounting.

J=03 J =045 J=06
1 1
0.99 0.99¢
0.98 0.98¢
£ 097 o7}
0.96 0.961
0.95 0.95¢
T2 3 4 5 6 7 8 9 T2 3 4 5 6 7 8 9 10
a) iteration 7 b) iteration ¢

Fig. C1 Predicted a) thrust and b) lift coefficient for different iteration numbers, normalized by the single-pass results (i = 1), for x,./c = 0.3,

y,/Ry =0.27, and a = 8°.

experimental — — — model

a)

Fig. D1 Predicted rotor-induced pressure distribution (AC, = C,, — C,, \in,) over the suction side for x,/c = 0.9, y,/R; = 0.27,and @ = 0°: a) J =
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