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In this combined experimental and numerical study, the propeller—airframe aerodynamic interaction is
characterized for an aircraft configuration with propellers mounted to the horizontal tailplane. The contributions
of the propeller and airframe to the overall loading are distinguished in the experimental analyses by using a
combination of external balance and internal load cell data. Validated computational fluid dynamics simulations are
then employed to quantify the interaction at a component level. The results show that the propeller installation shifts
the neutral point aft with increasing propeller thrust. For the configuration considered herein, the yawing moment
due to sideslip is increased by approximately 10 %, independent of the propeller thrust coefficient. The changes in
propeller loading due to the airframe-induced flowfield are the dominant factor to change the airframe stability and
performance. The prominent installation effects occur at high angle of attack, because in that condition the propeller
experiences a significant nonuniform inflow that affects the propeller and tailplane. The relatively large propeller
diameter compared with tailplane span leads to a change of the tailplane root vortex that causes the tailplane
effectiveness to reduce with an inboard-up rotating propeller.

Nomenclature
b = span,m
Cp = drag coefficient, D/qSy
Cp = lift coefficient, L/q S
C, = pitching-moment coefficient, m/q S ¢
C, = yawing-moment coefficient, n/q. S, ¢
C N, = propeller normal-force coefficient, N,/ pwnzDg
Cp, = static-pressure coefficient, p — p /¢
C, = total-pressure coefficient, (p, — p;_/q) + 1
Co = torque coefficient Q/p.,n*D3
Cr = thrust coefficient, T/p, nsz
Cy = axial-force coefficient, F,/qS,,
C Y, = propeller side-force coefficient, F Y, / pwn2D§
¢, c = chord, mean aerodynamic chord, m
cq = section drag coefficient, d/q,c
c, = section normal-force coefficient, n/q.c
D = diameter, m; drag, N
d = section drag, N - m™!
F = force, N
J = advance ratio, V,/nD,
L = lift force, N; length, m
1 = length of a moment arm, m
M = Mach number
m = pitching moment, N - m
N = normal force, N
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Subscripts

a
af
eff
f
ht =
ins
max
min =

propeller rotational speed, s~!

N - m; section normal force, N - m~!
shaft power, W

pressure, Pa

torque, N - m

torque coefficient, Q/q,S,D,,
dynamic pressure, Pa

radius, m

Reynolds number based on chord
radial coordinate, m

area, m?

thrust (along propeller rotation axis), N
thrust coefficient, 7/q oS,

thrust coefficient along x axis, Fxp/qooSp
velocity in Cartesian system, m - s~
velocity, m - s~!

propeller coordinate system, m
aircraft coordinate system, m
dimensionless wall distance

aspect ratio

angle of attack, deg

angle of sideslip, deg

circulation, m? - s~

deflection, deg

downwash angle, deg

propeller efficiency, TV, /P,
propeller efficiency in x direction, F, Vo /P,
density, kg - m~3 '
sidewash angle, deg

propeller phase angle, deg

vorticity, s7!

normalized vorticity, @c/V
normalized vorticity, @Dy /V ¢

axial component
airframe
effective

flap

horizontal tail
installed
maximum
minimum

Check for
updates

; yawing moment,
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p = propeller

S = static

t = tangential component, total
vt = vertical tail

w = wing

o0 = freestream

Superscript

! = local quantity

I. Introduction

ODERN propellers are an attractive means of aircraft propul-
sion for short- to medium-range missions because of their
inherent high efficiency compared with technology-equivalent tur-
bofans [1-11]. Block fuel savings up to 20% have been anticipated
for missions that are climb and approach dominated [4,12-14].
Flights of medium range (1000-2000 nautical miles) with design
cruise Mach numbers between 0.7 and 0.8 are predicted to achieve
fuel savings of 10-20% [12,14,15]. Despite the lower or equal
community noise levels compared with turbofans [12,14], a draw-
back of unducted propellers is increased cabin noise [16,17], in
particular for flight Mach numbers ranging from 0.6 to 0.8. This
noise is caused by an airborne contribution due to the unsteady
pressure field induced by the rotating blades and the propeller—air-
frame interaction, and a structureborne contribution due to vibrations
from the engines, propellers, and propeller—airframe interaction
[18-21]. However, because of the significant propulsive efficiency
benefit, as consistently demonstrated in several industrial and gov-
ernmental research programs, propellers remain appealing for the
next generation of energy-efficient aircraft.
Despite successful reductions of cabin noise by employing various

tonal components of the noise spectrum, which are perceived by
passengers as more annoying than broadband noise [17]. Historically,
large propeller-driven commercial aircraft for passenger transport have
been equipped with wing-mounted tractor propellers. For these air-
craft, the highest sound pressure levels on the fuselage outer surface fall
within +30 deg from the propeller rotation plane [17,32,33]. The
distribution of the overall sound pressure level inside the cabin is less
concentrated because of various transmission mechanisms [30,34],
and the highest interior noise level is typically located approximately
one diameter downstream of the propeller rotation plane, near the
wing—fuselage junction [25,30,34]. Alternatively to the passive shield-
ing methods that have been investigated for these configurations
[5,31,35], a larger reduction in perceived airborne and structureborne
noise can potentially be achieved by mounting the propeller propulsion
system to the tailplane or a pylon, as already proposed in the 1980s
several additional advantages have been identified from an aerody-
namic-efficiency perspective, such as the potential of an extended
region of laminar flow on the wing [37], and reduced adverse com-
pressibility effects on the wing and nacelle at flight Mach numbers up
t0 0.8 [38]. Recently, industry has expressed renewed interest in the aft-
mounted propeller configuration, e.g., aircraft manufacturer Embraer
[39] and aircraft engine manufacturer SAFRAN [8].

The unconventional placement of the propeller propulsion system
at the back of the aircraft also brings challenges in terms of design,
performance, structural integration, and operation. Compared with
the conventional wing-mounted tractor configuration, on which
extensive literature has been published, a number of differences in
the type and magnitude of propeller—airframe interaction effects can
be distinguished for the rear-mounted propellers. In a wing-mounted
tractor configuration, the integral propeller forces are only marginally
influenced by the wing-induced flowfield [40—42], and the propeller
contribution to aircraft stability and trim can be estimated using
linearized models [43]. Typically, the propeller forces are treated
determined without including the influence of the airframe [44]. In

these configurations, the propeller-induced flowfield primarily
affects the forces on the wing, which have a limited effect on static
stability due to the close proximity to the aircraft center of gravity. On
the other hand, the complex flowfield at the tail surfaces leads to large
variations of static longitudinal stability between various aircraft
attitudes [43,45-49]. Moreover, the wing-induced crossflow to the
vertical tailplane affects the directional stability and trim [45,49-52].

From the preliminary design activities on different rear-mounted
propeller configurations, the pylon-mounted and horizontal-tail-
mounted tractor configurations were found to be most feasible, based
on various performance indicators [1,6,30,53]. Recently, the horizon-
tal-tail-mounted configuration was revisited in the European Clean-
Sky research project Innovative turbopROp configuratioN (IRON)
[37,54,55]. These studies concluded that, compared with a wing-
mounted propeller configuration, the relatively large excursion of the
center of gravity requires larger tail surfaces and introduces additional
trim drag, also observed in Ref. [56]. These losses may even offset any
benefits gained from a partially laminar wing. For example, in Ref. [30]
it is estimated that the fuel saving potential of using propellers in-
stead of turbofans could reduce with 50% compared with the wing-
mounted propeller configuration for missions of over 1500 nautical
miles. These previous studies, however, acknowledge the limited
details of the complex propeller—airframe aerodynamic interaction that
was included in the performance assessments. For example, to assess
the impact on static stability, the rear-mounted propeller was treated as
an isolated propeller at a distance from the aircraft center of gravity,
neglecting the changes in the airframe and propeller forces due to the
aerodynamic interaction. The main wing, high-lift system, and
fuselage induce a nonuniform flowfield to the propeller that affects
both time-averaged and unsteady propeller forces in the out-of-plane
and in-plane directions, as well as the propeller efficiency. As the
propeller is relatively far from the aircraft center of gravity, the change
in propeller loading due to the nonuniform inflow impacts the aircraft
stability and trim characteristics. A variety of studies on propeller—
wing aerodynamic interaction have indicated that the wing aerody-
namic characteristics are highly influenced by the location and rotation
direction of the wing-mounted tractor propeller [42,57-59]. Therefore,
the close proximity of the propeller to the stabilizing surfaces further
affects the stabilizing contribution of the tailplane.

Despite the various works published on propeller—airframe aerody-
namic interaction for several decades of which Ref. [2] has provided an
overview of a range of studies, a synthesis of the aerodynamic inter-
action between rear-mounted propellers and the airframe has only been
addressed by a few authors. Earlier experimental work and conceptual
design studies [1,30,60-62] on the rear-mounted propeller configura-
tion showed that the overall longitudinal and lateral static stability are
not adversely affected by the propeller installation, which is attributed
to a more effective horizontal tailplane and the stabilizing contribution
of the propeller normal force [63]. The most detailed experimental
campaign performed on such configuration is presented by Ridder
[62]. In that study, integral force measurements show an appreciable
effect of the propeller installation on the change in trim, static stability,
and control authority. The measured flowfields also confirm a nonuni-
form inflow to the propeller. However, the relative contributions of the
propeller and airframe to the overall vehicle performance were not
assessed, while these are key in order to understand the relevant
interaction phenomena. Therefore, a more detailed breakdown of the
propeller—airframe interaction in this unconventional configuration is
required, as this can lead to improved performance predictions and,
ultimately, improved design choices.

The goal of this paper is therefore to characterize the changes
in aircraft static stability, control, and performance due to the rear-
mounted propellers by analyzing the time-averaged propeller—
airframe aerodynamic interactions. To this end, analyses were
performed on a 5%-scale model of a low-wing regional turboprop
aircraft configuration with tail-mounted propellers. A combined
experimental and numerical approach was selected to analyze the
aerodynamic interaction on both component and aircraft level for a
large range of operating conditions. The experimental setup is used to
assess the time-averaged effect of the propeller installation on the
propellers and at aircraft level. The numerical setup complements the
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experimental results for a limited number of cases to obtain the load
distributions on the tailplane and propellers, which provide further
insight into the dominant interaction phenomena.

II. Experimental Setup
A. Wind-Tunnel Facility and Model

The experimental campaign was performed at the Low-Turbulence
Tunnel (LTT) at Delft University of Technology, a closed-return low-
speed wind tunnel. The measurements were performed at a free-
stream velocity of 40.00 & 0.02 m/s (Re; = 4.54 - 10°, M = 0.12).
At these conditions, the turbulence level is below 0.03% [64]. The
aircraft model was suspended by a three-point support system, shown
in Fig. 1, in an octagonal test section, with dimensions as indicated
in Fig. 2. The wind-tunnel walls are tapered to mitigate blockage
and avoid buoyancy drag from the boundary layer that forms on these
walls. The conceptual aircraft model represents a regional aircraft
with a cruise Mach number between 0.6 and 0.7 for 130 passengers,
comparable to the IRON configuration [55], which is referred
to as the “full-scale aircraft.”” This geometry, of which an over-
view is provided in Table 1 and Fig. 2, was designed based on
Refs. [1,30,37,60]. The wing had zero quarter-chord sweep, a taper
ratio of 0.40, and an aspect ratio of 8.46. This aspect ratio of the model
is relatively low compared with existing and envisioned turboprop
aircraft, with aspect ratios ranging between R= 8 and AR= 14
[1,9,65-69]. The implication is that the downwash gradient of the
aircraft model is relatively high. The encounter between the propeller
and wing wake would initiate at a slightly lower angle of attack if the
aircraft had a more slender wing.

High-lift conditions were simulated by attaching Junkers flaps
to the main wing. The configuration without the flaps installed
is referred to as the “clean configuration.” The nacelles were aligned
with the fuselage centerline and were mounted at 69% of the
horizontal-tail semispan. Both inboard and outboard parts of the
horizontal tail were equipped with elevators with a chord ratio of
25%. The distance between the propeller rotation plane and the leading
edge of the tailplane was selected as 1.2R,,, based on suggestions in

windtunnel
|

wall

Fig. 1 Experimental setup of the horizontal-tail-mounted propeller
configuration installed in the Low Turbulence Tunnel at Delft University
of Technology.

Ref. [70]. The CAD geometries of the model and wind tunnel section
and the coordinates of the wing DU 96-150 airfoil are attached to this
paper as Supplemental Materials S1.

The wind-tunnel model was equipped with two six-bladed, steel
propellers, which had been employed and characterized in previous
studies [71-73]. The corresponding performance and flowfield data of
the isolated propeller that serve as reference throughout the current
paper are described in Ref. [71]. The blade pitch of 45 = 0.05 deg at
70% radius and the advance ratios were selected such that the range
of nondimensional force coefficients (Cy, Cp, T¢, Qc, Cy,) and
tip vortex pitches obtained in the experiment are comparable to
those of full-scale propellers operating at cruise to climb conditions
[28,30,41,63]. The advance ratio was varied betweenJ = 2.3 andJ =
1.6 by changing the rotational speed to achieve thrust coefficients from
T = 0.01, representing approach conditions, up to 7T = 0.28, typ-
ical for cruise and climb conditions. Both inboard-up (IU), outboard-
up (OU), and corotating (CO) propeller configurations were tested to
quantify the effect of rotation direction. The propellers were driven by
two Lehner 2260/40 electric motors, controlled by a dedicated control
program developed in-house, and the rotational speed was registered
by means of an optical rotary encoder. The time-averaged rotational
speed could be controlled with an accuracy of 0.01 Hz, with maximum
fluctuations around the setpoint up to 0.1 Hz. For the propeller-off
conditions, which serve as the reference, the propellers were replaced
by nonrotating dummy spinners.

To avoid laminar separation and to facilitate a fair comparison with
the fully turbulent numerical simulations, the boundary layers were
tripped with 2.5-mm-wide transition strips with carborundum par-
ticles with an average size of 150 um on the fuselage, wing, nacelle,
and tail surfaces. On the tail surfaces and wing pressure side, the
strips were applied at 10% of the chord, whereas on the wing suction
side a strip was applied at 5% chord. Transition was verified by means
of a microphone for the considered range of operating conditions.
The model was manufactured with a surface roughness of less than
0.4 pm and surface irregularities (e.g., countersunk holes) were filled
with plasticine.

B. Measurement Techniques and Uncertainty
1. Integral Force Measurements

The integral forces on the aircraft model were measured by con-
necting the supports (Fig. 1) to a six-component external balance that
allows for variation of both angle of attack and sideslip. For the
considered range in aerodynamic forces, the balance readings had an
uncertainty up to 0.02 N, depending on the force component. Two
times these values are included in the error bars of the respective force
measurements. These error bars also include the spread in data of
repeated measurements due to, e.g., aerodynamic hysteresis, varia-
tions in operating conditions, or other random errors. The error bars
also include the contributions of the uncertainty in the blade-pitch
angle (determined in Ref. [71]) and the uncertainty of the rotational
speed. Tare measurements were taken to account for the aerodynamic
forces of the support struts using measurements of only the support
struts (with the model removed). An acquisition time of 20 s was
selected to average the measured forces at an acquisition frequency of

Table1 Main dimensions of the aerodynamic surfaces

Dimension Wing without flap Flaps Horizontal tail Ve:;ilfal
Area Sy = 0.2163 m? B =0.19 S =040 S=0.18
Airfoil DU 96-150 DU 96-150 NACA 64, A015 NACA 0015
Root/tip incidence angle 0 deg/—2 deg —/0 deg 0 deg /0 deg 0 deg /0 deg
Aspect ratio 8.46 6.10 2.85 1.50
Taper ratio 0.40 1.00 1.00 0.41
Volume coefficient —_ - ‘Sh‘i"“ =1.14 Sulw — () 54
we Suby
Control surface area —_— —_— 0.178y, 0.28S,,

The vertical tail is defined up to the curved fuselage centerline.
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quarter chord line of ¢ 1Jje=322

¢=165mm 232¢ 12R} o jz=0.90

<%: @ 4 deg
A Dfm/bw= 0.09 Yy ‘ %ﬁ ﬁ
—_ I — - =L b_=1397 mm
& ¥ = X | . |
| B B 1.29b,
removable fla 0.47h
P Zyp/bw= 0.29 v
A ‘ A be/bw= 0.53
¢, /c=0.36
‘ wind-tunnel walls
. & W0
f
detail A-A: ﬂ} Y | e

. X
V4

detail B-B: horizontal tail

€=

L. /b =096

fus " w

Fig.2 Technical drawing of the aircraft model and wind tunnel test section.

10 Hz. This resulted in converged mean force estimates at all operat-
ing conditions considered.

Because the focus of the study is on the aerodynamic phenomena,
and not on the quantification of the absolute aerodynamic coeffi-
cients, the experimental data are not corrected for wall effects. To
maintain agreement between the computational fluid dynamics
(CFD) simulations (with simulated wind tunnel walls) and experi-
ment, all presented results are therefore based on uncorrected data.
Classical wall corrections based on lift and drag do not suffice, as is
indicated by the wind-tunnel wall pressures presented in
Supplemental Materials S2. The propellers cause the wall pressure
to vary along the x direction, such that in particular the aircraft
pitching-moment coefficient is expected to be slightly influenced
by the presence of the walls.

2. Propeller Force Measurements

The propeller forces were measured separately by mounting each
electric motor to a six-component strain-gauge load cell, as depicted
in Fig. 3. Despite the thermal insulation layer between the electric
motor and load cell, the internal temperature of the load cell rose
during operation, and it is known that such temperature drifts affect
the output of strain-gauge balances [74,75]. A calibration campaign
of the installed setup was performed to determine linear temperature
compensation coefficients for each force component by using the
average readings of two thermocouples mounted close to the load cell
that registered the temperature during operation. The uncertainty of
the presented propeller force coefficients is the spread in the data of
the repeated measurements. No tare measurements were taken of the
spinner without blades. Instead, the forces on the spinner of the
propeller-off configuration were estimated using the CFD simula-
tions and subtracted from the load cell measurements in order to

shaft

load cell ther\mal insulation layer

spinner )
\ & \
y )
7 X \/\F ¥
=5 connection ‘
connection block block motor

with two embedded

rotary encoder
thermocouples

Fig.3 Schematic of the electric motor and load cell assembly inside the
nacelle.

quantify the forces on the blades and the change in forces on the
spinner relative to the propeller-off condition.

3. Flowfield Measurements

To illustrate the propeller—airframe interaction for a range of
conditions as well as for validation purposes, the total pressure was
measured by traversing a rake with 74 probes in a plane perpendicular
to the freestream at two propeller diameters behind the propeller
rotation plane. The measurements were taken in a rectangular grid
with resolution of 3 mm in vertical and lateral directions. Maximum
instantaneous swirl angles up to 15 deg have been measured [71] in
the vortex cores for the conditions presented in this paper. For the
internally conical shaped tip of the probes, the associated error of this
skewed flow-angle with respect to the probe is less than 1% [76]. The
pressures were acquired for 5 s of acquisition time by electronic
pressure scanners. The uncertainty of £2 Pa (0.2% of ¢,) on the
time-averaged values is indicated by the error bars in the graphs of
Sec. III. For the force measurements, the wake rake was not installed
to avoid its upstream effect on the model.

III. Computational Strategy
A. Computational Setup

The propeller—airframe aerodynamic interactions at a component
level were quantified by numerical simulations. These allow for the
analyses of the load distributions on the propeller and tailplane
surfaces, which could not be measured with the experimental setup.
To this end, a half-model excluding support struts and flaps, shown in
Fig. 4, was simulated by solving the Reynolds-averaged Navier—
Stokes (RANS) equations for compressible flow. The geometry
contained the gaps around the elevators, whereas the gap between
the spinner and nacelle and the gaps associated with the rudder were
sealed for simplicity. The model was placed in a domain with parallel
outer boundaries on which a free-slip boundary condition was speci-
fied (as sketched in Fig. 2), to resemble the wind-tunnel walls that are
diverging by approximately 0.5 deg to compensate for buoyancy
effects. On all airframe components a smooth wall with no roughness
was assumed. A pressure inlet boundary condition was placed far
upstream of the model at x/b,, = 2.7. The flow direction is enforced
to be normal to this boundary, and the magnitude matches the
conditions of the experiment. The domain size is chosen based on
the gradients da/dx and dC, /dx. Already at x/b,, = 2.0 these
gradients have reached negligible values (see Supplemental
Materials S2), whereas the boundary is placed further upstream.
The total pressure inlet condition ensures that the static pressure
(far) upstream the model is not enforced to match the ambient
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pressure
inlet

pressure
outlet

slip walls

domain

refined slipstream '

refined wing
domain

a) Computational domain with boundary conditions. b) Detailed view of the rotating domain containing the propeller

Length of domain not to scale with model

Fig.4 Overview of computational domain and boundary conditions.

condition. Far downstream of the model, the average pressure was
specified to be equal to ambient conditions. To simulate either an
inboard-up or outboard-up propeller rotation direction, a symmetry
condition was specified on the symmetry plane of the aircraft. There-
fore, only the counter-rotating propeller configurations could be
simulated, in contrary to the experimental setup, which also allowed
for the corotating configuration.

A full-blade approach was selected over lower-order models such
as actuator-disk approaches. In Ref. [77] it is shown that even though
a relatively accurate representation of the flowfield can be obtained
by using an actuator disk model, the propeller load distribution
should be known in advance. Moreover, for an aerodynamic surface
like the tailplane that is submerged in a highly distorted and time-
dependent flowfield, a time-accurate representation is most suitable
to accurately determine the time-averaged normal force on this
aerodynamic surface, as demonstrated in Ref. [77]. The most accu-
rate representation of the full-blade is therefore deemed required to
achieve the objectives of this paper.

The unstructured volume grid contained tetrahedral elements with
refined grids in the proximity of the model, indicated in Fig. 4. The
propeller was placed in a rotating domain, indicated in Fig. 4b, using
the sliding mesh approach [78] by defining interfaces on each side.
The cyclic symmetric propeller grid was equal to the one used in
Ref. [71], which presents an extensive validation. The cell size
(0.032RS) of the domain adjacent to the rotating domain containing
the horizontal tail was based on the same reference. Wall refinements
were applied and an inflation layer of 25 layers with a growth rate of
1.20 was constructed on all no-slip walls. The first-layer thickness on
each component was selected to comply with a y*t < 1. On the wing
and propeller a mapped surface mesh was constructed. The selected
grid including propeller contained 60.5 million cells, whereas the
grid of the propeller-off condition contained 51.8 million cells. The
reader is referred to Ref. [71] for the discretization error of the grid for
the propeller forces and slipstream quantities. No dedicated grid
refinement study on aircraft level was performed. Instead, the results

1.5 T T - T 0.20
primary aspect of interest  Q
performance | stability
Q
D-q 1.0 0.15
5 3
k3 2
% 0.5 1 0.10 %
S 5
= &
O 00 ¢ 1005 8
+Experiment
O CFD
-05 ‘ : : 0.00
-5 0 5 10 15

Angle of attack o [deg]
a) Comparison of lift and drag, propeller off. Highlighted

regions of interest indicate the associated focus of the study

on the current grid are put in perspective in the validation study
presented in the next section.

ANSYS® Fluent Release 18.1 [78], a commercial, unstructured,
finite-volume, cell-centered solver was used. A second-order upwind
spatial discretization was employed, using a coupled pressure—
velocity scheme. The Spalart—Allmaras turbulence model with the
strain/vorticity-based production equation was applied to close the
system of equations. The inlet eddy—viscosity ratio of 0.21044 was
based on recommendations by Spalart and Rumsey [79]. Standard
sea-level atmospheric conditions were used for the freestream flow,
which was assumed an ideal gas. Sutherland’s law was applied to
predict the corresponding dynamic viscosity. The simulations with-
out propeller were solved using the steady RANS equations, whereas
the full-blade simulations were solved in a time-accurate manner,
with a time step equivalent to 2 deg propeller rotation with 35 inner
iterations, using a second-order temporal discretization. As the com-
parisons between propeller-on and propeller-off are at low angle of
attack, the difference is not expected to influence the results.

B. Validation of Computational Setup

The numerical setup is validated by comparing to the experimental
results. Only the validation of the full aircraft is described in the
current paper. The reader is referred to Ref. [71] for the validation
study of the isolated propeller.

In Fig. 5a the computed integral lift and drag are compared with the
experimental data. At low angles of attack, the primary aspect of
interest is performance, as this is the cruise condition. At high angles
of attack, where the flowfield at the tailplane is highly distorted due to
separated flow from the wing, stability aspects are of interest. In the
linear part of the lift curve (@ < 5 deg), the computed lift coefficients
coincide with the experimental curve. The initiation of trailing-edge
separation from a > 5 deg is consistent with observations of the
wall-shear lines visualized using fluorescent oil-flow (provided as
Supplemental Materials S3). These oil-flow images also indicate that
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b) Comparison of the change in pitching moment for the
inboard-up rotation direction

Fig.5 Comparison of aircraft performance data from CFD and experiment.
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at a = 10 deg a large region of the wing—fuselage junction experi-
enced reversed flow, in line with the local reduction lift between
v/b,, < 0.4, shown in the lift distributions provided as Supplemental
Materials S4. The liftis overpredicted by 6% by CFD ata = 14 deg,
attributed to the complex flow structures at the wing—fuselage junc-
tion and the sensitivity of the CFD solution to the choice of turbulence
model. The results at these conditions will therefore be used to
explain the aerodynamic interactions instead of quantifying changes
in performance. The drag curve shows that there is a clear offset of
approximately 50 drag counts with the experimental data, partially
caused by the added drag of the aerodynamic interaction of the
supports with the model [80] (which remains after subtracting the
tares), the use of a relatively thick transition strip in the experiment
that was not modeled in the simulations, and the finite roughness of
the wind-tunnel model (contrary to the assumed hydraulically
smooth wall in the CFD simulations).

Because the quantification of the stability derivatives is an impor-
tant aspect of the current paper, the computed change in the pitching-
moment coefficient due to the propeller installation is compared with
the experimental data in Fig. 5b. The breakdown of the CFD results
reveals that the propellers have negligible effect on the fuselage and
wing forces. The propellers are a stabilizing contribution, whereas the
tailplane contribution to stability reduces due to propeller installa-
tion. The gradient over the interval a = [0, 5] deg from the CFD is
AC,,, = —3.24-107% deg™!, whereas in the experiment the gra-
dientis AC,,, = —3.17 £ 0.03 - 107> deg™!. These values indicate
that the change in stability is captured with sufficient agreement to
formulate qualitative and quantitative conclusions based on these
simulations.

The change in axial force relative to the drag of the isolated
airframe, ACy = Cyx prop—on — Cx prop—off» 1S @ quantitative measure
of the propeller—airframe aerodynamic interaction and it is not
dependent on the underprediction of Cp, . Table 2 shows that the
predicted change of Cy nearly falls within the experimental uncer-
tainty, especially at @« = 0 deg. These values indicate that the CFD
model is suitable to quantify the effect of the propeller installation on
overall aircraft performance.

Simulations of the flow phenomena of the propeller—airframe
interaction are validated by comparing the total-pressure field at the

same location as the measured flowfield. The magnitude of the total
pressure represents viscous losses and the added momentum by the
propeller, whereas the shape of the total-pressure field is determined
by the in-plane induced velocity field and therefore encompasses the
aerodynamic interaction. Figure 6 compares the measured total-
pressure fields with time-averaged full-blade CFD results. Only for
the corotating case experimental data are available, while only the
inboard-up and outboard-up cases are simulated. The simulated out-
board-up case is therefore mirrored in the xz plane for comparison
purposes. It is noted that the aerodynamic coupling between the port
side and starboard side and the small crossflow at the vertical tail-
plane, discussed in Sec. V.C, are absent in the CFD data. Qualita-
tively, all flow features observable in the experimental data are also
present in the CFD results: the tip vortex from the horizontal tail, the
shear of the nacelle wakes, the distinct shapes of the fuselage and
wing wakes, the shear of the slipstream, the nonaxisymmetric loading
of the propeller, and the interaction of the propeller tip vortex with
tailplane tip vortex. The cropped contours on the upper side of the
slipstream are an artifact of low measurement resolution in the upper
region of the survey plane.

Survey lines b—d show that the location of the wing wake is
excellently predicted by the CFD simulations on the inboard side,
with an only slight underprediction of the downwash on the outboard
sections. This indicates that the combination of local downwash
produced by the wing and tailplane is properly captured. The wake
thickness in the CFD simulations is slightly underpredicted, in line
with the lower Cp,  value from the simulations. The nacelle wake
(survey line a) shows excellent agreement with experimental results,
indicating that the complex interaction between the propeller hub
vortex and the viscous nacelle wake is properly captured. The largest
deviations appear at the edge of the slipstream, where the exper-
imental flowfield shows a larger contraction and a larger gradient,
also reflected by the translation of the wing wake in survey line a. Itis
known that the large gradients in these shear layers quickly diffuse
downstream of the propeller in the numerical simulation (see, e.g.,
Ref. [77]), despite the fine grid in the slipstream domain. It is
concluded that the observed agreement with experiment is sufficient
to predict both the integral forces and flowfields and their associated
trends that are caused by the propeller—airframe interaction.

Table2 Change in axial force on the airframe and propeller from the CFD simulations
relative to the experimental results

Angle of attack [deg] 0 0 5 5

Rotation direction Inboard-up Outboard-up Inboard-up Outboard-up

% -1 +0.6% +05% +1.1% +£0.6% —-25%+0.7% —1.8% +0.7%
X.exp

Indicated uncertainty corresponds to the experimental values.
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Fig. 6 Measured and computed time-averaged total-pressure distribution in a wake survey plane. Clean configuration, / = 1.8, « = 0 deg.
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IV. Characterization of Aerodynamic Interaction

In this section the time-averaged propeller—airframe aerodynamic
interaction is characterized by analyzing the flowfields in the vicinity
of the propeller and tailplane that determine the changes in loads. The
aerodynamic loads on the propeller are analyzed in Sec. IV.A, fol-
lowed by the analysis of the aerodynamic forces on the tailplane in
Sec. IV.B. The observed trends at a component level are put in
perspective on aircraft level in Secs. V and VI. Although the quanti-
tative results are configuration and geometry specific, trends and flow
phenomena discussed are considered representative of a typical tail-
mounted propeller aircraft application because of the representative
conditions and aircraft geometry.

A. Time-Averaged Propeller Loads Induced by the Airframe

The airframe-induced flowfield at the propeller disk is determined
by the wing circulation and wake, the upstream effect of the tailplane,
and the flowfield induced by the fuselage. As a result of this nonuni-
form inflow, the installation leads to a shift and to a change in slope of
the characteristic propeller curves relative to the ones of the propellerin
isolated conditions. For the assessment of the airframe-induced pro-
peller forces, a distinction is made between the types of flowfield at the
propeller plane. Stability and performance aspects are relevant for
cruise conditions, i.e., the linear region of the lift curve, for which
the flowfield can primarily be described as potential flow. For the
nonlinear region, where the characteristic flowfield at the propeller is
also determined by flow separation, in particular aspects that influence
the overall airplane stability are of interest. Both conditions are
described separately below.

1. Cruise Conditions: Linear Part of Lift Curve

In cruise conditions, the aircraft angle of attack is typically
between 0 and 3 deg. In addition to this geometric angle of attack,
the propellers operate in the wing-induced downwash field and a
fuselage-induced sidewash. The downwash affects the region on the
disk with the up- and down-going blades, whereas the sidewash
affects the region where the blades have a vertical orientation, sche-
matically shown as quadrants I-IV in Fig. 7a. The difference in
loading between each quadrant pair (I&III and II&IV) leads to a side
force and a normal force, with the direction determined by the
propeller rotation direction, as sketched in Fig. 7b. Because of the
unsteady aerodynamics, there is a difference between the phase angle
at which the disturbance is encountered and the phase angle at which
the change in torque occurs [63,71,81]. Consequently, velocity com-
ponent w introduces a side force, whereas v introduces a normal
force, as depicted in Fig. 7b. The direction of these secondary in-
plane forces depends on the propeller rotation direction.

The inflow to the propeller was extracted from the numerical data
from the propeller-off simulations. At @ = 0, the wing downwash
angle varies from ¢ = 1 deg to e = 4 deg over the propeller disk,
schematically shown in Fig. 7a, with the maxima around z, /R, = 0.5.

quadrants fuselage iw
of propeller disk sidewash o v
n = = D i
1 :
iw
v
v n ( 47f D SRR
w l v

wing downwash ¢

b) Solid red and black arrows in-
dicate in-plane forces due to v and
w, respectively.

a) Downwash and sidewash
distribution

Fig. 7 Schematic in-plane velocity distributions at « = 0 deg that
affect the load distribution in the quadrants, leading to a net in-plane
force on the port propeller.

The conically shaped aft fuselage induces a sidewash at the propellers,
which varies from |o| =1 deg at z,/R, = —1, to |o| =3 deg
atz, /R, = 1.

To relate the propeller load distribution to the nonuniform inflow,
the time-averaged velocity field is expressed as a change in local
advance ratio J' consisting of an axial component and tangential
component: J' = J; + J{ [11]. Figure 8a depicts the change in local
advance ratio extracted from the CFD simulations of the propeller-off
condition at @ = 0 deg. The up-going blades and the blades that
move away from the fuselage experience a reduction of the local
advance ratio, and therefore higher thrust and torque, as shown in
Figs. 8b and 8c, respectively. Such a loading distribution is compa-
rable to the one of a propeller at an angle of attack [71,81], but the
distribution is less symmetric for the installed case.

For the installed propeller, the change in out-of-plane velocity was
small compared with the total change in advance ratio (Fig. 8a): on
average AJ, = +0.02ata = 0 deg. Approximately half of this value
is estimated to be from the presence of the wind-tunnel walls (for which
the data are not corrected), and the remainder is attributed to the
presence of the curved aft-fuselage with the associated pressure field.
The dominant inflow perturbation is in the in-plane direction. At a
nonzero angle of attack, the inflow to the propeller is a superposition of
the geometric inflow and an airframe-induced inflow. The result is that
ata = 5 deg (Fig. 9a), the magnitude of AJ’ is significantly reduced
compared with the propeller in isolated conditions (Fig. 9b). The
regions of higher and lower advance ratios shift approximately
90 deg clockwise for the propeller on the port side. This shift leads
to a change in thrust distribution. Relative to @ = 0 deg, the average
changein J, is negligible, except for the lower side of the disk on which
the wing wake impinges. The change in axial inflow is negligible
because AJ, = (cos a — 1)J, is offset by the downwash component
AJ, = J sinasine. Furthermore, downstream of the wing at the
propeller plane (outside the viscous region), the axial velocity induced
by the wing is negligible. Because the perturbations of the in-plane
and out-of-plane velocity fields are reduced in magnitude and
distributed over the disk for the installed propeller, it follows that the
downwash cannot be considered as a pure angle-of-attack effect;
1.€., Cef prop & — €.
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Fig. 8 Effect of airframe installation on the propeller loading at J, =
1.8 and @ = 0 deg, relative to an isolated propeller. CFD results of the
clean configuration, § = 0 deg.
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Fig.9 Comparison of inflow expressed in local J valueat /, = 1.8 and
a = 5 deg for the installed and isolated propeller, relativetoa = 0 deg.
CFD results of the clean configuration, § = 0 deg.

For the isolated propeller, the thrust increases with angle of attack,
as shown in Fig. 10a. Approximately half of this increase is caused by
the reduced axial inflow, determined by evaluating the propeller at
J =J,cosa. The other half comes from the in-plane velocity
component because 7' varies quadratically with J and the thrust rise
on the advancing blade is larger than the reduction in thrust on the
retreating blade [71].

The installation effect on the integral propeller forces is shown in
Fig. 10. The combined in-plane and out-of-plane flowfield causes
only a slight reduction in Cy at @ = 0 deg compared with the same
propeller in isolated conditions, depicted in Fig. 10a. As the axial
inflow remains nearly constant and the in-plane velocity component
that appears at increasing angle of attack is compensated by the
downwash, in the installed configuration, Cr is less dependent on
a than in the isolated configuration.

The installation also changes the in-plane forces, as shown in
Fig. 10b. The Cy, — a curve is shifted, primarily as a result of the
sidewash that leads to a side force toward the fuselage symmetry plane.
The shift is larger for the inboard-up rotating propeller because for that
case the downwash causes an additional side force in the same direc-
tion as the one induced by the fuselage. The gradient Cy, for the
outboard-up propeller is higher than the one for the isolated propeller
for two reasons. First, the average wing-induced downwash at the
propeller disk increases with angle of attack because the maximum
downwash angle shifts in negative z direction in the propeller plane.
The side force associated with the wing downwash therefore increases
with angle of attack. Second, with increasing angle of attack, the
impinging wing-wake around z,/R, = 1 also leads to a side force
that acts in the same direction as the one that is induced by the fuselage
sidewash. The opposite is the case for the inboard-up rotating propeller,
hence its lower slope compared with the isolated propeller.

The propeller normal-force curves for both rotation directions are
shifted up and their slope is reduced compared with the isolated

propeller. The gradients of the normal-force curve, Cy, , are lowered
by —27 and —17% compared with the isolated propeller for the
outboard-up and inboard-up propeller, respectively. This reduction
is a consequence of the propeller experiencing a downwash gradient
de/da from the wing and fuselage that increases with angle of attack
from on average 0.15 at @ = 0 deg to 0.25 at @ = 5 deg. These
values indicate that by taking the average downwash gradient, the
propeller normal force can be predicted with reasonable accuracy,
even though the maximum value of this gradient shifts upward (in
negative Z direction) with angle of attack. The difference between the
two rotation directions is primarily caused by the increasing sidewash
with angle of attack, which makes CZp more positive for the outboard-

up rotating propeller, hence reducing C Zoe for this rotation direction.

The offset at @ = 0 deg is larger for the outboard-up rotating pro-
peller as the airframe-induced sidewash positively contributes to CZp

for this rotation direction.

The axial velocity field is responsible for a negligible difference in
propeller efficiency at « = 0 deg, as shown in Fig. 10c. For the
isolated propeller, the propeller efficiency slightly increases with
increasing the angle of attack due to the lower axial inflow and the
in-plane velocity component. In line with the moderate increase in
thrust due to the lower effective advance ratio when installed, the
efficiency is nearly independent of angle of attack for the cruise
condition. For @ > 5 deg, the efficiency increases due to the instal-
lation as the result of the wake impingement.

In summary, the installation effects of the propeller forces in cruise
condition are not negligible. The largest difference with the unin-
stalled propeller is a reduced gradient of the propeller normal force
with angle of attack. The observed differences between the two
rotation directions are caused by the translation of the maximum
downwash gradient with angle of attack and by the different response
to the fuselage-induced sidewash.

2. High-Lift Conditions: Effect of a Flap Deflection

In addition to the fuselage and main wing induced flowfield, a
flap deflection leads to an additional nonuniform inflow to the
propellers. The measured total-pressure field behind the aircraft at
a = 0 deg with a27 deg flap deflection is depicted in Fig. 11a. The
figure shows a strong flap-edge vortex that induces a swirling
inflow on the inboard and lower part of the propeller disk, in
addition to a strong downwash of approximately 16 deg. It is
apparent from the region of increased total pressure that the thrust
distribution is highly affected in this condition in comparison to the
case without a flap deflection, as shown in Fig. 6b. The resulting
effect on the integral propeller forces is depicted in Fig. 11b. With
the flap installed, also de/da increases due to higher induced losses
and a higher lift curve slope. Consequently, the slope of the pro-
peller normal-force curve with angle of attack reduces approxi-
mately 50% compared with the clean condition. Moreover, the
larger downwash angle at @« = 0 deg leads to a significant force
on the propellers in negative Z direction, which affects the trim
condition. The thrust is found to remain nearly independent of flap
deflection.
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Fig. 10 Computed changes in forces due to installation on the port propeller, J = 1.8. CFD results of the clean configuration, § = 0 deg.
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Fig.11 Effect of a flap deflection of 5; = 27 deg on the propeller slipstream development and propeller normal force. Experimental results,f = 0 deg.

3. High-Lift Conditions: Angle-of-Attack Effect

The installation effect on the propeller forces up to @ = 8 deg in
the clean configuration is moderate and is nearly linear with angle of
attack, as shown in Fig. 10. By increasing the angle of attack further
into the nonlinear region of the aircraft lift curve, the propeller thrust
rises rapidly over the complete range of advance ratios, in particular
for the outboard-up rotating propeller, as shown in Fig. 12. This
behavior can be understood by assessing the flowfield at an angle of
attack of @ = 14 deg, as shown in Fig. 13a. In this condition, the
maximum changes in local advance ratio at the propeller disk are
AJ' = —1.8 and AJ’ = +0.6 for the outboard-up and inboard-up
configurations, respectively. Based on the performance curves of the
isolated propeller [71], these values indicate that the blades experi-
ence either wind milling conditions or separated flow, and the blades
for both rotation directions experience significant time-dependent
inflow. An appreciable part of the reduction in advance ratio, up to
AJ] = —0.6, comes from the deficit in total pressure by the separated
flow from the wing root that impinges on part of the propeller disk.

The significant difference in thrust between the rotation directions
is caused by the in-plane velocity components. The regions of
positive and negative axial vorticity in and adjacent to the propeller
plane, shown in Fig. 13b, are indicative of circulation that changes
the inflow encountered by the blades. The cause of the negative
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Fig. 12 Installation effect on propeller thrust at increasing angle of
attack. The black dots indicate the measurement points. Experimental
results of the clean configuration, § = 0 deg.
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Fig. 13 Nonuniform inflow to the propeller at« = 14 deg, propellers-
off. CFD results of the clean configuration, f = 0 deg.

component of the axial vorticity @, is the significant drop in wing
lift from the wing—fuselage junction up to 40% span, which sheds a
sheet of trailing vorticity that rolls up into a strong vortex opposite in
sign to the wing-tip vortex, indicated by I'y in Fig. 13b. From the
isosurfaces of vorticity depicted in the same figure, two more vortices
can be distinguished that are opposite in sign to I[y. First, a vortex is
formed on each side of the fuselage [82], originating close to the
fuselage nose, denoted by I'y. Secondly, the root separation leads to a
pressure gradient along the fuselage [83] that results in a vortex
denoted by I'fy. This pair of corotating vortices rapidly merge into
a single vortex (I';; + I'yyp) that is counter-rotating to I'; and contains
approximately three times the circulation of I'}. The relative distance
and strength are such that vortex I'; displaces in vertical direction and
toward the symmetry plane of the aircraft, over a relatively short
distance [84]. The net effect of the vortex pair is a significant in-plane
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velocity component, equivalent to the large change in J', depending
on rotation direction. In particular the outboard-up rotating propeller
experiences a large reduction in advance ratio, as the propeller
rotation is opposite to the resulting swirling inflow, and is further
reduced by the deficit in total pressure.

Next to the rise in thrust, the vortex-induced inflow also leads to a
large normal force that is in negative Z direction for the outboard-up
rotating propeller, whereas it is in opposite direction for the inboard-
up rotation direction. The location where the swirling inflow
impinges the propeller depends on angle of attack and angle of
sideslip. Additionally, the magnitude of this swirl is dependent on
the aircraft attitude. The propeller contribution to overall aircraft
stability and trim therefore varies with angle of attack if such a
swirling inflow impinges on the propeller or is in the vicinity of the
propeller disk. It is found that C Npa increases up to three times the
value that corresponds to the one at @ = 0 deg for the outboard-up
rotating propeller, and reduces up to CNM = 0 for the inboard-
up rotating propeller, as indicated in the figures provided as
Supplemental Materials S5.

An improved fairing design compared with one of the models
analyzed in the current paper would reduce the flow separation at the
wing—fuselage junction and therefore the relative strengths of the
separation-induced vortices. However, the qualitative development
of the flow reversal is still representative, since it has been identified
in previous studies [82,85] and occurs to some extent at any wing—
root junction.

In summary, the separated flow from the wing—fuselage junction,
present at high angle of attack for the configuration considered
herein, significantly influences the propeller forces. The swirling
character of this flowfield in particular leads to an increase in thrust
and propeller normal force for the outboard-up rotating propeller and
thus a stabilizing contribution at aircraft level, whereas the inboard-
up rotating propeller has approximately no stabilizing contribution at
aircraft level in these conditions.

B. Time-Averaged Tailplane Loads Induced by the Propeller

The aerodynamic forces on the horizontal tailplane affect the
aircraft trim and stability characteristics. In terms of performance,
in particular the change in drag characteristics and the offset in the
normal-force curve are of interest, as these influence the aircraft drag
in trimmed conditions. From a stability and control perspective,
primarily the gradient of the normal-force curve Cy, , in this paper
referred to as the effectiveness of the tail, and elevator effectiveness
Cu,, are relevant quantities, of which the integral forces and load
distributions are depicted in Fig. 14.

The effect of propeller installation on tailplane forces is quantified
relative to the propeller-off condition. Figure 14a shows the normal
force distribution in the propeller-off condition. It is noted that
normal force should not be mistaken as the lift force (despite lift
being the dominant factor): at a nonzero angle of attack, the tailplane
drag also enhances the force normal to the tailplane. At @ = 0 deg,
there is a downforce on the tailplane due to the wing downwash. The
presence of the fuselage leads to a drop in c¢,, near the tail-fuselage
junction, such that a vortex is shed that is opposite in sign to the tip
vortex. The added normal force distributions by the inboard-up and
outboard-up propeller installations, shown in Fig. 14b, are typical for
an aerodynamic surface behind a propeller: the direction of the local
swirl determines the direction of the change in lift force, and the
spanwise variation of circulation redistributes the additional load in
spanwise direction such that the changes are not confined to the
region where the slipstream impinges on the tailplane [86]. For both
rotation directions, the largest change in normal force occurs on the
inboard part of the tailplane. This can directly be related to the
distribution of gradient of tailplane normal force with respect to angle
of attack, c,, . of the propeller-off condition. This normal force
gradient reduces toward the tip because of the tip-relief effect. For
the propeller-off case, the average of c,, = over the outboard part of
the span (2y/by, > 0.7) is 39% lower than the one for inboard part
of the span (2y /by, < 0.7). The combination of this varying c,,  and

_ 03 - 04 IU a=0 deg
< 02 g 03 — = —1Ua=5deg
© g 02 OU a=0 deg
501 oS — —=0U a=5deg
- PSS
< oS =
é N IT: o0 - 3
=] < N
z  —0.1 4 -0.1 \/ =

root vortex
-0.2 -0.2
0.0 02 04 0.6 08 1.0 0.0 02 04 0.6 08 1.0
Spanwise coordinate 2y/by, Spanwise coordinate 2y/by
a) Normal force distribution b) Change in normal force
prop-off distribution due to propellers
0.15 2.0
Z0.10 +
5% = 15
0.05 Z
3 g
2 =
f 0.00 ] ‘ & 1.0
g -0.05 —F— Inboard-up L
5 0 1 —+— Outboard-up oS 05 Inboard-up
z 01 Prop-off Outboard-up
-0.15 0.0

0 2 4 6 8 00 02 04 06 0.8 10

Angle of attack « [deg] Spanwise coordinate 2y/by,

¢) Integral tailplane normal force d) Tailplane effectiveness
The error-bars indicate the sprea
due to the time-dependent loading

Fig.14 Effect of propeller installation on the tailplane load distributions
and integral forces, J = 1.8. Coefficients normalized with tailplane area
and chord. CFD results of the clean configuration, § = 0 deg.

the higher dynamic pressure in the slipstream leads to a net normal
force on the tailplane with the direction depending on rotation
direction, shown in Fig. 14c. Besides the offset at « = 0 deg, the
gradient C, Nt relative to the propeller-off condition is 17% higher
for the outboard-up configuration, whereas the inboard-up rotation
shows a 7% reduction. The difference between the two rotation
directions is a combination of the downwash distribution, which is
a function of the vorticity shed by the tailplane and the varying inflow
with angle of attack. Figure 14d reveals that the tailplane sections
toward the root are especially affected by the propeller installation, as
locally c,,  is twice the value of the propeller-off condition, even
though this is outside of the region on which the propeller slipstream
impinges.

The hyperbolic character of c,,  for the outboard-up rotation
indicates that the vortex stemming from the tailplane—fuselage junc-
tion is manipulated by the propeller. A schematic of the tailplane
vortex system is shown in Fig. 15a. The vortex shed from the tail-
plane—fuselage junction is indicated as I'} and its direction is opposite
to the tip vortex, denoted by I'y. The gradient of the circulation along
the span also sheds a vortex I'j at the nacelle. These vortices can also
be distinguished in the axial vorticity distribution downstream of
the model, shown in Fig. 15b. With the installation of the propeller,
two vortex systems can be identified: a helical vortex system from
the propeller and the shed vorticity from the tailplane. Conceptually,
the combined propeller—tailplane vortex system can be simplified as
schematically shown in Fig. 15a: a tailplane root-vortex (I'y), a
vortex around the tip vortex impingement (I'g), a vortex shed at
the propeller rotation axis (I'c), the tailplane tip vortex (I'p), the
propeller hub-vortex, and the circular sheet containing the vorticity
shed by the propeller tips. In addition to the local swirl induced by the
propellers, the relative strength and direction of this vorticity dictate
the local downwash distribution and the rate at which these change
with angle of attack partially determines c,,  (y).

For the outboard-up rotation, dI" /da is opposite to dI';/da and
dl¢/da is opposite to dI'y; /da. The net result is that on the inboard
part of the tailplane, the outboard-up rotation leads to a smaller
downwash. The opposite is the case for the inboard-up rotation
direction. The consequence is that, for the outboard-up case, the root
vortex shed from the tail is nearly inexistent if the angle of attack is
increased from O to 5 deg. At the tip of the tailplane, the axial
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Fig. 15 Propeller—tailplane vortex structures at low angle of attack to identify the relative strength and the direction of the trailing vorticity from the
tailplane due to propeller installation. CFD results of the clean configuration, f = 0 deg.

component of the propeller tip vortex is opposite in sign to the tip
vortex of the tailplane for the inboard-up rotating propeller (contrary
to a propeller that is mounted on the tip of the horizontal tailplane).
The net effect is locally a higher induced loss, hence a lower ¢, in
the tip region, confirmed by the distribution depicted in Fig. 14d. Itis
therefore concluded that the particular position of the propeller
relative to the root and tip vortex of the tailplane is such that the
typical trend of a higher C; for an inboard-up rotating propeller (see
Ref. [41]) does not hold.

To determine to what extent the changing slipstream quantities
with angle of attack influence the observed changes of Cy, = in
Fig. 14d, the time-averaged flowfield is analyzed in a plane between
the propeller and tailplane, depicted in Fig. 16. The regions with a
higher propeller loading locally lead to a higher total pressure, a
higher dynamic pressure, and a larger swirl angle in the slipstream.
The figure shows the slipstream quantities along a survey line on the
inboard part of the tailplane. By increasinga = 0 degtoa = 5 deg,
AC,, changes with £0.1 and a maximum change in swirl angle of
41 degis observed due to the higher thrust and torque, respectively.
The local swirl angle alters the local inflow angle a’. Therefore, an
outboard-up rotation results in (dC,, /da) > 0 and (da’/da) <0,

whereas for the inboard-up rotation it is the inverse. Compared with
an increase of dynamic pressure by Ag, = +0.1¢,, the angle of
attack change of =1 deg is the primary factor to change the lift of a
two-dimensional airfoil section. It follows that the rate at which the
slipstream changes on the inboard part of the tailplane yields a trend
opposite to the one observed in Fig. 14d: for the outboard-up rotating
propellers the swirl and dynamic pressure increase, which reduces
Cy,. Therefore, the observed trends of Cy, are attributed to the
interaction of the propeller vortex system with the tailplane and not
to the changing slipstream characteristics with angle of attack.

The drag force on the tailplane is influenced by the propellers,
depicted in Fig. 17. The friction drag increases due to the higher
dynamic pressure in the slipstream. The induced drag changes as the
added force vector is titled relative to the freestream because of the
swirl in the slipstream and due to the altered variation of circulation
along the tailplane span. A swirl that locally enhances the normal
force that exists in the propeller-off condition locally leads to a larger
swirl-recovery by the tailplane [86]. Therefore at @ = O deg, there is
a reduction of tailplane drag on the side of the downgoing blades as
the tailplane in propeller-oft condition produces a force in positive z
direction, as shown in Fig. 14a. At @ > 0 deg, the drag reduction
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Fig. 16 Time-averaged flowfield between the propeller and horizontal tail for two angles of attack at T = 0.18 and J = 1.8. CFD results of the clean

configuration, f = 0 deg.
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Fig. 17 Effect of propeller installation on the tailplane drag, J = 1.8.
Coefficients normalized with tailplane area and chord. CFD results of the
clean configuration, § = 0 deg.

becomes less for the outboard-up rotating propeller. For this reason,
depending on the combination of the sign of Cy, and propeller
rotation direction, the drag is higher or lower relative to propeller-
off condition, as depicted in Fig. 17b. For a trimmed flight, where
typically Cy, < 0, an outboard-up rotating configuration leads to the
lowest tailplane drag. Consequently, for a corotating configuration,
the difference in tailplane drag leads to a yawing moment.

In summary, the particular location of the propeller on the tailplane
leads to the manipulation of the vortex from the tailplane—fuselage
junction that causes the tailplane to be more effective if the propeller
is rotating outboard-up at angles of attack that are representative for
the cruise condition. An inboard-up rotating propeller leads to alower
effectiveness of the tailplane relative to the propeller-off case.
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V. Installation Effect on Static Stability and Control
Characteristics

In the previous section the propeller—airframe aerodynamic inter-
action was discussed at a component level. Those findings are put
into perspective in this section by assessing the impact on the aircraft
pitching and yawing-moment coefficients.

A. Longitudinal Stability

The derivative of the propeller normal force with angle of attack
(Fig. 10b) enhances the aircraft longitudinal stability because the
propellers are behind the aircraft center of gravity, whereas the
contribution of the change in tailplane loading due to the propeller
depends on the rotation direction and aircraft angle of attack. The
resultant effect on pitching-moment curve is depicted in Fig. 18a for
the clean configuration with corotating propellers. For the full range
of angles of attack, the propeller installation has a relatively small
effect on pitching moment compared with the propeller-off condi-
tion. At the thrust setting that is representative for approach condi-
tions (J = 2.3, T = 0.03), the neutral point shifts rearward relative
to the propeller-off condition with (Ax/c) = —0.05 at low angles of
attack, up to (Ax/c) = 0.00 at @ = 7 deg. Athigher thrust settings,
the rearward shift is larger. As the most forward location of the neutral
point is at low angle of attack in the clean configuration, which is
therefore the most critical of all flight conditions in terms of stability,
the overall stability is not adversely affected, which is in line with the
findings of Ref. [87]. In Supplemental Materials S6 the curves at
constant advance ratio are plotted for the clean configuration and for
two high-lift conditions.
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The relative longitudinal stability, C,, /C,,_ prop—ofts 1S shown in
Fig. 18b for the inboard-up configuration. It varies between 1.0 and
1.4, whereas smaller variations of 1.0-1.25 are induced by the out-
board-up configuration. The contour plot shows that for a given a,
increasing T'¢ only leads to a moderate change in pitch stability,
contrary to a change in a, which has a significant impact on longi-
tudinal stability. The large variations of C,,  start from the onset of the
nonlinearity of the lift curve, i.e,, @ > 5 deg.

To determine the relative contribution of the airframe and propeller
to the pitching moment, the measured propeller forces are subtracted
from the external balance measurements and the contributions to
pitching moment are plotted in Fig. 18c. As expected from the C, N,
curves discussed in Sec. IV.A, the propeller has a stabilizing contri-
bution, in particular if it is rotating outboard-up. In line with the
propeller in isolated conditions, the normal force contribution to the
aircraft moment is nearly independent of thrust. The C,, curves are

approximately linear up to @ = 8 deg, followed by a decrease and
increase for the inboard-up and outboard-up rotating propellers,
respectively, as a result of their nonuniform inflow, as discussed in
Sec. IV.A. Of the propeller-induced pitching moment, the largest
contribution is the propeller normal force (shown in the breakdown of
each propeller force and moment component in Supplemental
Materials S7). Despite a varying thrust with angle of attack, the thrust
yields approximately a constant offset of C,, — a, as its moment arm
is relatively small. The pitching moment about the propeller Y axis
has a negligible contribution.

In Sec. IV.B it was shown that the inboard-up and outboard-up
rotation decrease and increase the normal force gradient of the tail-
plane, respectively. This is reflected in Fig. 18c as a destabilizing
airframe contribution to the moment coefficient up to a = 8 deg for
the inboard-up rotation, whereas the contrary is the case for the
outboard-up rotating configuration. The corotating propeller instal-
lation is nearly the average of the two rotation directions, which
indicates that the aerodynamic coupling between the two sides of the
horizontal tailplane is negligible. The rapid change of the airframe
contribution to C,, ata = 8 deg, in particular with the inboard-up
configuration, is a consequence of two aspects. Firstly, the rapid
reduction in Ch, for the inboard-up propeller indicates that the

loading on the upgoing blade is increased because of the loss in wing
lift at these spanwise locations, and therefore a lower gradient of the
wing downwash is generated. The consequence is locally a higher
swirl and dynamic pressure at the inboard part of the tailplane,
leading to a stabilizing normal force, and hence a more negative
C,,,- The second aspect is that the fuselage-induced vortex in stream-
wise direction (I'; in Fig. 13b), which initiates between a = 5 deg
and a = 8 deg, is altered by the propeller installation. Around
a = 8 deg, these two vortices are situated slightly above the tail-
plane, near the junction with the fuselage. The inboard-up rotating
propeller leads to an opposite vortex at the tailplane—fuselage junc-
tion, which is thereby reducing the influence of I';; on the tailplane.

Besides the changes in the slope of the moment curve, also the
propeller-induced shift of the curve is relevant as it influences the trim
condition. As discussed in Sec. IV.A.2, a flap deflection results in a
nose-up moment due to the larger propeller normal force in Z

direction at the same lift coefficient, as shown in Fig. 18d for the
corotating configuration. These shifts in C,, indicate that a trim
scheduling is required to maintain a constant lift coefficient that
should be a function of thrust coefficient and flap setting. On the
other hand, the significant nose-down pitching moment from the
flaps (Fig. 18a) is partially offset by the propeller installation. It
follows that a smaller elevator deflection is required to trim the
aircraft. The figure also shows that the overall installation effect of
two corotating propellers on the pitching moment is an offset and a
nearly constant change in slope up to the nonlinear region of the lift
curve, where the slope changes rapidly and remains approximately
constant again for the higher angles of attack.

B. Longitudinal Control and Trim

In the previous section, it was shown that the circulation on the
tailplane in propeller-off condition partially determines how the
loading is affected if the propeller is installed. Alternatively to alter-
ing the angle of attack, an elevator deflection also affects the tailplane
circulation distribution. The effect of the propeller installation for a
positive elevator deflection is depicted in Fig. 19, using 0.25¢ as the
moment reference point. For a given angle of attack, the elevator
effectiveness Con,, increases with T'¢ due to the rise of dynamic
pressure in the slipstream, as shown in Fig. 19a. At constant J (and
approximately constant T¢), C,,,is nearly independent of angle of
attack for the corotating configuration. The trends observed in
Fig. 14c for the inboard-up and outboard-up configurations are in
line with the lower and higher normal force gradients of the tailplane,
respectively.

The necessary trim input to compensate for the offset and change in
slope of the aircraft C,, curve due to the propeller installation is
partially offset by the higher elevator effectiveness. In Fig. 19c¢ it is
shown that for a relatively high thrust setting, the required trim input
as aresult of propeller installation remains within +2 deg compared
with the propeller-off condition. A lower thrust setting leads to
smaller required trim inputs. Therefore, a thrust input at a constant
C; and V , needs to be coupled with an elevator input to maintain the
same pitching moment.

C. Directional Stability and Trim

The directional stability and trim are influenced by the propeller
installation in three ways. First, the propellers introduce a yawing
moment due to their distance from the moment reference point.
Second, the airframe induces a nonuniform inflow to the propeller,
which affects the propeller forces and thus their contribution to the
moments. Finally, the (sheared) propeller slipstream introduces side-
wash on the aft-fuselage and vertical tailplane [45,50,88]. An over-
view of these installation effects on aircraft level is depicted in
Fig. 20. Figure 20a shows the gradient of the yawing moment with
sideslip angle, relative to the propeller-off configuration. The same
figure also depicts the yawing moment caused if a propeller in
isolated conditions is positioned at the same (x, y, y) location
as the installed propellers, using data of Ref. [71]. Nearly indepen-
dent of thrust coefficient, the propeller installation enhances the
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Fig. 20 Effect of propeller installation on directional stability and yawing moment. Experimental results of the clean configuration, « = 0 deg.

directional stability by approximately 6—12%, where the corotating
configuration can be approximated by the side force of two isolated
propellers. This nearly constant increase is the result of the small
variation of the propeller side force with thrust at a given angle of
attack. Therefore, also the derivative is nearly independent of pro-
peller thrust.

The corotating configuration shows a similar increase in aircraft
C,,. as the AC, is caused by two isolated propellers with a moment
arm of x,. This indicates that the direct propulsive effect, i.e., a
propeller at an axial distance to the reference point, is the primary
contributor to C,, " Although this direct effect is dominant, there is a

distinct difference between the two propeller rotation directions. The
difference between the curves is the installation effect, partially
coming from the changes in forces on the airframe, and partially
due to the different forces acting on the propeller. The latter is
attributed to a fuselage-induced nonuniform inflow to the propeller,
schematically shown in Fig. 21. The fuselage induces an in-plane
flowfield such that the regions (a) and (b) translate in opposite
direction to the side force on the vertical tail (F,, ), whereas (c) and
(d), as a pair, translate in the same direction as F, . The consequence
is an enhanced and reduced C,,, for an outboard-up and inboard-up

configuration, respectively.

Besides the forces on the propeller, the presence of a slipstream on
each side of the vertical tail also influences the contribution of the
vertical tail to the yawing moment. There is a sidewash at the vertical
tail for the corotating configuration, also observed in, e.g., Ref. [§9].
This flowfield results in an offset of the C,, — f curve as a function of
thrust, equivalent to a sideslip angle of approximately 2 deg for
Tc = 0.28, as shown in Fig. 20b. Without the vertical tail, the
yawing-moment coefficient is zero at f = 0 deg, indicating that
the propeller-induced sidewash primarily affects the vertical tail.
Moreover, the difference in drag on each side of the horizontal
tailplane and the lateral shift of the thrust vector due to the propellers
operating in the wing downwash field are therefore compensating,

<---translation direction of thrust

[ higher 7, Q
lower T, Q Fru b)

Vsinj

Fig. 21 Lateral shift of thrust vector induced by the fuselage. Letters
indicate the pairs of higher and lower propeller thrust and torque.

leading to a net zero effect on yawing moment. Figure 20b also
indicates that the installation of the vertical tail partially offsets the
increased directional stability stemming from the propellers. This
reduction is attributed to the position of the vertical tail between two
slipstreams. The dynamic pressure and the effective inflow at the
vertical tail are both reduced with an increasing thrust setting, which
leads to a reduction of C,, » of 2.5% compared with zero thrust.

For the one-engine-inoperative condition, the yawing moment
introduced by the operating propeller needs to be compensated by
a rudder deflection. Figure 20c depicts the yawing moment as the
result of the port propeller not operating, as well as the moment that is
introduced as thrust multiplied with the moment arm, n = —TYy,,. As
expected, the sidewash on the vertical tail introduced by the outboard-
up rotating propeller is opposing the thrust-induced yawing moment.
If the outboard-up propeller is inoperative, the sidewash adds to
the yawing moment and a larger rudder input is required to trim
the aircraft at zero sideslip angle. Hence, the outboard-up propeller is
the critical engine.

V1. Installation Effect on Aircraft Performance
Indicators

The previous sections have indicated that the propeller installation
effects do not adversely affect the aircraft longitudinal and directional
stability, and control effectiveness. If the interaction effects are
included in the analysis and design at aircraft level, the known
drawback of the configuration in terms of added mass [6,56,90]
may be slightly offset by the opportunity of resized stabilizing
surfaces. However, even for a suboptimal design, indicators such as
propeller efficiency in the direction of flight, the airframe lift-to-drag
ratio, trim drag, and maximum lift coefficient are already indicative of
performance changes due to the propeller installation.

The product 7,(C;/Cp) can be used as a measure of the fuel
consumption [91], as it appears in the classical Brequet-range equa-
tion, if N is assumed not to change with the aircraft attitude. To show
the importance of including the interaction in performance predic-
tion, the propeller and airframe efficiencies are assessed separately.
The propeller efficiency map, i.e., 17, — @, is depicted in Fig. 22a for
the two rotation directions. As expected, the efficiency along the
propeller rotation axis slightly increases with angle of attack, with a
maximum for the inboard-up rotating case around J = 1.9, close to
the advance ratio at which the isolated propeller has its maximal
efficiency. Approximately the same trend is followed by the out-
board-up rotating propeller. However, the reduction of 7, at
a = 8 deg, corresponding to the condition with swirling inflow, is
only present for the inboard-up rotating propeller, because it operates
locally at a higher effective advance ratio. The efficiency of the
outboard-up rotating propeller continues to increase up to values
close to unity. These high efficiencies are possible because 7, is
defined with V ,, while there is kinetic energy deposition induced by
the airframe at the propeller plane.
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Fig. 22 Installation effect on propeller efficiencies 77, and 7. Experimental results of the clean configuration, § = 0 deg.

A more interesting quantity from an aircraft performance perspec-
tive is the propeller efficiency in the direction of flight, #,, as it
directly affects the fuel consumption for a given flight condition.
Typically, for an isolated propeller, 7, decreases with angle of attack
because the normal force has a negative contribution in flight direc-
tion that completely offsets the higher efficiency due to the reduced
axial inflow. To the contrary, for the installed propeller, 7, increases
froma = Ouptoa =5 deg, as plotted in Fig. 22b. This increase is
caused by the reduced propeller normal force that is minimal at a
positive angle of attack due to the propeller operating in the wing-
induced flowfield. The second peak around a = 14 deg for the
outboard-up rotating propeller is in line with the trend of #,. This
means that the outboard-up configuration has a larger range of angle
of attack at which #, is close to the maximum. Therefore, it has the
potential of better climb performance from a propulsive efficiency
point of view than the inboard-up configuration.

The high-lift condition is important for several design consider-
ations, e.g., the design of wing and high lift devices. A decomposition
of the airframe and propeller contributions in these conditions is
depicted in Fig. 23. The propeller contribution to lift is approximately
linear with « and is the dominating contribution to AC; . The strong
wing-induced downwash field causes CLp to be negative for low to

moderate angles of attack. If the propellers were to be mounted to the
leading edge of a wing, a larger propeller lift component could be
expected due to the wing upwash. The figure also shows that the
change in airframe lift does not vary significantly with angle of
attack. This is due to the compensating normal force on each side
of the tailplane and nacelle (see Fig. 14c). The nonlinear part in the
airframe AC; for @ > 6 deg is the consequence of the added lift on
the tailplane on the inboard-up rotating side, as discussed in Sec. V.A.
The propeller and airframe in these conditions combined lead to only
a moderate increase in C; by up to 0.05, and this is nearly
independent of propeller thrust, contrary to a wing-mounted propel-
ler configuration.
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Fig.23 Change in propeller and airframe lift in installed conditions for

the corotating configuration with a flap deflection of d; = 27 deg.
Experimental results, § = 0 deg.

Several previous studies [1,30] concluded that the trim drag asso-
ciated with the large center of gravity excursion is a major drawback
for aircraft with tailplane-mounted propellers. The trim drag for
elevator deflections determined in Sec. V.B at cruise/climb condi-
tions is plotted in Fig. 24. The thrust-induced pitching moment for the
outboard-up rotating configuration is partially offset by the additional
downforce on the horizontal tailplane. This leads to nearly the same
trim-drag curve as the propeller-off condition. In contrast, the
inboard-up rotation leads to a larger nose-down pitching moment,
which needs to be compensated by trim for all lift coefficients. It is
noted that the considered moment reference point is rather forward,
leading to relatively large values of C, . The corotating configura-
tion is not the average between the two rotation directions as in
particular the magnitude of ACy, varies with angle of attack, and
therefore the required elevator deflection for trim.

The installation of the propellers also affects the integral airframe
lift and drag, and propeller lift, leading to a net change in the lift-to-
drag ratio. Whereas for a wing-mounted tractor configuration the
propellers enhance L /D and maximum lift [42,86,90,92], for the tail-
mounted propeller configuration this not evident. Firstly, the tail-
plane-mounted propeller operates in the wing downwash field, which
reduces the lift contribution of the propeller. Secondly, the tailplane
with alow lift coefficient does not necessarily feature reduced drag by
the propeller installation. Figure 25 depicts the product of the
installed lift-to-drag ratio curves with the propeller efficiency in flight
direction. Besides the added lift, the airframe drag slightly reduced
fora <2 deg, due to the swirl recovery by the tailplane (ata = O and
J = 1.8 the drag is reduced by 20 drag counts). However, the
maximum airframe lift-to-drag ratio for the corotating configuration
remains approximately the same as in the propeller-off condition. If
the lift of the propeller is included in the aircraft lift coefficient, the
total lift-to-drag ratio is slightly higher at higher angles of attack. At
these conditions, both the thrust vector and normal force enhance lift.
These results show that the propeller—airframe interaction causes an
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Fig.24 TrimdragforC,, = 0at(x,y,z) = (0,0,0), clean configuration
at J = 1.6. Experimental results, f = 0 deg.
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Fig. 25 Propeller installation effect on 7(C; /Cp) for the untrimmed
corotating configuration at J = 1.8. Experimental results of the clean
configuration, f = 0 deg.

appreciable deviation of 2% relative to the performance curve in
which the propeller and airframe are treated in isolated conditions.

It is noted that for this particular aircraft the maximum lift-to-drag
ratiois at a high value (C; = 0.9), and the magnitude is relatively low
because of the suboptimal design of the aircraft. As the benefit
discussed in this section in particular is present at higher angles of
attack, the benefit would be smaller if the maximum airframe effi-
ciency would be at a lower C;, e.g., by selecting a different wing
incidence angle. The current study displays that even for a suboptimal
design, the beneficial propeller—airframe aerodynamic interaction
could partially offset the drawbacks identified for the configuration
[1,30,90]. These benefits are present despite the fact that an aerody-
namic performance benefit historically has not been the objective to
study the configuration.

VII. Conclusions

A combined experimental and numerical investigation has been
performed using a representative aircraft geometry to characterize the
aerodynamic interaction between horizontal tailplane-mounted pro-
pellers and the airframe. The rotation direction of the propellers was
altered for a range of operating conditions, including variations of
angles of attack and sideslip, flap deflection, and elevator deflection.
By analyzing the time-averaged propeller—airframe aerodynamic
interactions, the changes in aircraft static stability, control, and
performance due to the rear-mounted propellers were quantified.

The dominant factor affecting the aircraft pitching moment is the
propeller normal force. While the propeller slipstream changes the lift
force produced by the horizontal tailplane, this has a much smaller
effect on the change in pitching moment. Compared with the normal
force of the propeller in isolated conditions, the airframe-induced
nonuniform flowfield alters the normal-force curve by a lower gra-
dient and an offset zero angle of attack. This inflow field is primarily
induced by the wing as downwash. The propeller normal force
gradient is reduced by 17% for the inboard-up and 27% for the
outboard-up rotating propeller compared with the isolated propeller.
The dependency on rotation direction is primarily caused by the
normal force as a consequence of the sidewash toward the symmetry
plane that increases with angle of attack. At high angles of attack, the
fuselage and separated flow at the wing—fuselage junction cause a
significant reduction in effective advance ratio for the outboard-up
rotating propeller, leading to a rapid increase in thrust and a large
nose-down pitching moment. The propeller normal force gradient in
these conditions is three times higher than for an isolated propeller.
The propeller contribution to lift is approximately linear with angle of
attack and is the dominating contribution to the aircraft lift caused by
propeller installation.

The measured flowfield and computed loading distributions show
that the outboard-up installation leads to a circulation distribution
along the tailplane such that the tailplane-root vortex reduces in
strength with angle of attack. This leads to a more effective tailplane
for the outboard-up rotating propeller, whereas an inboard-up rotat-
ing propeller reduces the tailplane normal force gradient. The neutral

point shifts aft with increasing thrust coefficient, up to 5% of the
mean aerodynamic chord for a thrust coefficient of 7T = 0.28 with
corotating propellers. The most forward location of the neutral point
is achieved at cruise angles of attack. Only at high angle of attack for
which the interaction is dominated by the separated flow from the
wing, the change in neutral point becomes negligible for a corotating
propeller installation. Therefore, the overall static stability is not
adversely affected by the propellers and the propeller-off condition
is the critical configuration.

The propeller installation enhances the directional stability by
approximately 6-12%, independently of thrust coefficient, where
the corotating configuration can be approximated by the side force
of two isolated propellers multiplied with their moment arm. The
difference between the two rotation directions in case the propellers
are located above the fuselage centerline is due a lateral translation of
the thrust vector, caused the by the fuselage induced flowfield. In the
corotating configuration, a net yawing moment exists that is equiv-
alent to a sideslip angle of 2 deg. This is caused by the thrust-
dependent sidewash of the slipstream on the upper side of the
horizontal tailplane that initiates from the leading edge of the hori-
zontal tailplane. This sidewash also makes the outboard-up rotating
propeller the critical engine for the one-engine-inoperative condition.

It is found that the overall propeller installation requires a positive
or negative elevator deflection up to 2 deg in cruise conditions,
depending on rotation, to maintain the same moment coefficient as
in the propeller-off condition. This rather small input is the result of
the thrust-induced nose-down pitching moment, which is largely
compensated by the downwash-induced propeller normal force.
The outboard-up configuration requires a negligible elevator input,
due to the nearly opposite normal force on each side of the tailplane,
leading to nearly the same trim-drag curve as the propeller-off con-
dition. In contrast, the inboard-up rotation leads to a larger nose-down
pitching moment, which needs to be compensated by trim for all lift
coefficients.

The lower propeller normal force at positive angles of attack leads
to ahigher propeller efficiency in freestream direction compared with
an isolated propeller, with a maximum around an angle of attack of
5 deg. The propeller efficiency is further enhanced at high angles of
attack for the outboard-up rotating propeller as the wing- and
fuselage-induced flowfields lead to a net reduction in the advance
ratio for this rotation direction. This makes the propeller efficiency in
flight direction multiplied with the lift-to-drag ratio up to 2% higher
compared with the situation in which the interaction is not included.
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