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ARTICLE INFO ABSTRACT

Communicated by Kontis Konstantinos This paper presents wind-tunnel results quantifying the impact of a leading-edge distributed high-lift propeller
system on the longitudinal stability and control characteristics of a generic 19-seat commuter aircraft model.
The experimental campaign extends previous power-off tests on the same configuration to powered conditions,
measuring lift, drag, and pitching-moment coefficients versus angle of attack and thrust coefficient at take-off
flap setting. Results show that distributed propulsion affects longitudinal stability and control depending on
thrust level and tail configuration—conventional aft-tail or T-tail—highlighting effects that are overlooked in
literature. Static margin can be reduced by 8% or increased up to 6%, whereas the elevator control power can
be doubled. Implications for tail sizing, pitch trim, and take-off performance are discussed.
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1. Introduction

In the last 15 years, there has been a growing interest in (hybrid-)
electric aeronautical architectures coupled with distributed electric
propulsion (DEP), which emerged as a promising way to exploit aero-
propulsive interactions [1-3]. In DEP layouts, thrust is generated by
an array of propulsors smaller than a single conventional propeller of
equivalent total thrust, distributed along one or more lifting surfaces, en-
abling higher effective dynamic pressure and thus enhancing low-speed
performance [4-6]. Several studies and roadmaps have highlighted the
potential of DEP to reduce energy consumption and emissions of re-
gional and small-air-transport aircraft, particularly for missions below
approximately 300 nautical miles where battery specific energy is com-
patible with meaningful payloads [7-10].

The aforementioned studies established that the impact of DEP on
aircraft design strongly depends on the aero-propulsive effects that can
be achieved. Consequently, many authors focused on the understanding
of the physical interaction of a distributed propulsion system with a lift-
ing surface—through propeller blowing or boundary layer ingestion—
and on the prediction of the enhanced aerodynamics [5,6,11-20]. An-
other research topic is on the application of these effects in aircraft pre-
liminary design, evaluating the impact on aircraft mass, performance,
and pollutants emission [9,21-26].

However, as is common in the DEP literature, much of the emphasis
has been placed on lift augmentation, drag penalties, and overall aero-
dynamic efficiency, with comparatively fewer quantitative results on
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pitching-moment behavior, static-margin shifts, and elevator control power
under DEP operation.

Most of the investigations have been performed with numerical
methods. For instance, studies like [11,23,27-29] are based on high-
fidelity RANS CFD, typically modeling propellers as actuator disks, fo-
cusing primarily on lift and drag increments as functions of propeller
position, thrust coefficient, and flap setting. Besides the wing-propeller
coupling, the effects of aerodynamic interactions between adjacent pro-
pellers have been experimentally investigated by de Vries et al. [30],
who tested a wing which spanned the entire test section width (no
wingtip vortices), estimating changes in lift, drag, and noise with re-
spect to the standalone propeller case. However, no considerations on
aircraft stability and control were made in these studies.

A first systematic investigation that included the pitching moment
was made by the authors [6], who exploited high-fidelity numerical
analyses to assess the mutual effects between wing and propeller on a
rectangular planform with different flap deflections. Results highlighted
that lift increment is always accompanied by drag increase and addi-
tional pitch-down moment, while the propulsive efficiency of the pro-
peller may also be affected. Refs. [31,32] also acknowledged the impor-
tance of pitching moment estimation with blown high-lift systems, yet
the impact on aircraft design and performance was not estimated. At
aircraft level, Refs. [18,25,26] exploited high-fidelity RANS CFD anal-
yses to assess the potential of DEP on a regional turboprop in cruise
and landing conditions, relating the thrust distribution to the aerody-
namic efficiency, without assessing the impact on aircraft stability and

Received 19 May 2026; Received in revised form 10 July 2026; Accepted 15 July 2026

Available online 17 July 2026
1270-9638/© 2026 The Author(s).
(http://creativecommons.org/licenses/by/4.0/).

Published by Elsevier Masson SAS. This is

an open access article under the CC BY license


https://www.elsevier.com/locate/aescte
https://www.elsevier.com/locate/aescte
https://orcid.org/0000-0002-6744-4111

$C_L$


$C_D$


$C_M$


$\mathrm {d}C_M/\mathrm {d}C_L$


$\mathrm {d}C_M/\mathrm {d}\delta _\mathrm {e}$


$^2$


\begin {equation}\label {eq:thrust_coeff} T_c = \frac {T/n}{A_{p} q_\infty }\end {equation}


$T$


$n$


$A_p$


$q_\infty $


$T_c$


$T/n$


$T_c$


$T_c$


$Re \approx 2 \times 10^5$


$T_c$


$q_\infty $


$D_\text {cell}$


$F_\text {cell}$


\begin {equation}\label {eq:net_thrust} T_\text {net} = \sum _{i=1}^4 \left ( F_{\text {cell},i} - D_{\text {cell},i} \right )\end {equation}


$\alpha _\mathrm {g} = 0^\circ , 5^\circ , 8^\circ $


$\delta _\mathrm {f} = 15^\circ $


$T_c$


$\delta _\mathrm {e} = 0^\circ , -10^\circ $


$\pm 0.02\%$


$\pm 0.02$


$T_{\text {net}}$


$\pm 0.1$


$\pm 0.01$


$C_L$


$\pm 0.0025$


$C_D$


$\pm 0.025$


$C_M$


$C_L$


$C_D$


$C_M$


$\mathbf {T_c = 0}$


$\mathbf {T_c > 0}$


$15^\circ $


$C_L$


$\alpha $


$T_c$


$\mathrm {d}C_L/\mathrm {d}\alpha $


$C_{L_0}$


$T_c = 0$


$\mathrm {d}C_L/\mathrm {d}\alpha $


$C_{L_0}$


$\mathrm {d}C_L/\mathrm {d}\alpha $


$C_{L_0}$


$T_c$


$0^\circ , 5^\circ , 8^\circ $


$C_L = 1$


$T_c = 0$


$C_M$


$\alpha $


$C_M$


$C_L$


$C_M$


$\mathrm {d}C_M/\mathrm {d}\alpha $


$T_c = 0$


$\mathrm {d}C_M/\mathrm {d}\alpha $


\begin {equation}\label {eq:wb:xac} \Delta \overline {x}_\text {ac} = - \frac {\mathrm {d}C_M/\mathrm {d}\alpha }{\mathrm {d}C_L/\mathrm {d}\alpha }\end {equation}


$T_c = 0$


$C_M$


$T_c$


$-0.1$


$-0.2$


$T_c = 1.383$


$T_c = 1.660$


$\alpha _\mathrm {g} = 5^\circ $


$\alpha \approx 6^\circ $


$T_c = 0$


$\alpha _\mathrm {g} = 5^\circ $


$\alpha \approx 6^\circ $


$T_c = 0$


$C_L/C_D$


$T_c = 0$


$\delta _\mathrm {e} = 0^\circ $


$-10^\circ $


$C_M = 0$


$\delta _\mathrm {e} = 0^\circ $


$\delta _\mathrm {e} = 0^\circ $


$\delta _\mathrm {e} = 0^\circ $


$\mathrm {d}C_M/\mathrm {d}\alpha < 0$


$-0.022$


$^{-1}$


$\mathrm {d}C_M/\mathrm {d}\alpha $


$-0.027$


$^{-1}$


$-0.021$


$^{-1}$


$\mathrm {d}C_M/\mathrm {d}\alpha $


$C_M$


$T_c$


$C_M$


$-0.175$


$-0.125$


$0.045$


$C_M$


$C_M = 0$


$\mathrm {d}C_M/\mathrm {d}\alpha $


$\mathrm {d}C_M/\mathrm {d}C_L$


$\mathrm {d}C_M/\mathrm {d}\alpha $


$\mathrm {d}C_L/\mathrm {d}\alpha $


$^{-1}$


\begin {equation}\label {eq:neutral:point} \overline {x}_\mathrm {N} = \overline {x}_\mathrm {ref} - \frac {\mathrm {d}C_M}{\mathrm {d}C_L}\end {equation}


$\overline {x}_\mathrm {ref} = 0.25$


$\mathrm {d}C_M/\mathrm {d}C_L$


$0.056$


$0.461$


$0.517$


$\overline {x}_\mathrm {N} = 0.47$


$T_c = 0$


$0.548$


$(4.9 \pm 1.1)\%$


$T_c$


$T_c = 0$


$\mathrm {d}C_M/\mathrm {d}\delta _\mathrm {e}$


$C_M$


$\delta _\mathrm {e}$


$\delta _\mathrm {e} = 0^\circ $


$\delta _\mathrm {e} = -10^\circ $


\begin {equation}\label {eq:control:power} \frac {\mathrm {d}C_M}{\mathrm {d}\delta _\mathrm {e}} = \frac {C_{M}(\delta _\mathrm {e}\!=\!-10^\circ ) - {C_{M}(\delta _\mathrm {e}\!=\!0^\circ )}}{-10^\circ }\end {equation}


$\mathrm {d}C_M/\mathrm {d}\delta _\mathrm {e}$


$^{-1}$


$\pm 0.0035\,\text {deg}^{-1}$


$\mathrm {d}C_M/\mathrm {d}\delta _\mathrm {e}$


$T_c$


$p < .001$


$\mathrm {d}C_M/\mathrm {d}\delta _\mathrm {e}$


$(-0.0053 \pm 0.0009)\,\text {deg}^{-1}$


$T_c$


$\pm 0.0035\,\text {deg}^{-1}$


$-0.009$


$-0.018$


$\delta _\mathrm {e}$


$\overline {x}_\text {ref}$


$T_c$


\begin {equation}\label {eq:CM:linear} C_M = C_{M_0} + \frac {\mathrm {d}C_M}{\mathrm {d}\alpha } \alpha + \frac {\mathrm {d}C_M}{\mathrm {d}\delta _\mathrm {e}} \delta _\mathrm {e}\end {equation}


$C_{M_0}$


$\alpha = \delta _\mathrm {e} = 0^\circ $


$C_M = 0$


\begin {equation}\label {eq:delta:ee} \delta _\mathrm {ee} = -\frac {C_{M_0} + \dfrac {\mathrm {d}C_M}{\mathrm {d}\alpha } \alpha }{ \dfrac {\mathrm {d}C_M}{\mathrm {d}\delta _\mathrm {e}} }\end {equation}


$C_{M_0}$


$\mathrm {d}C_M/\mathrm {d}\delta _\mathrm {e}$


$\mathrm {d}C_M/\mathrm {d}\alpha $


$\overline {x}_\text {ref} = 0.25$


$\mathrm {SSM}$


\begin {equation}\label {eq:static:margin} \mathrm {SSM} \equiv \frac {\mathrm {d}C_M}{\mathrm {d}C_L} = \overline {x}_\text {ref} - \overline {x}_\mathrm {N}\end {equation}


$\overline {x}_\mathrm {N}$


$T_c$


$\overline {x}_\text {ref}$


$\mathrm {SSM}$


$\mathrm {d}C_M/\mathrm {d}\alpha $


\begin {equation}\label {eq:CM:alpha} \frac {\mathrm {d}C_M}{\mathrm {d}\alpha } = \frac {\mathrm {d}C_M}{\mathrm {d}C_L} \cdot \frac {\mathrm {d}C_L}{\mathrm {d}\alpha }\end {equation}


$\mathrm {d}C_L/\mathrm {d}\alpha $


$\overline {x}_\text {ref}$


$\delta _\mathrm {ee}$


$\alpha $


$\alpha = 9^\circ $


$\overline {x}_\text {ref}$


$\alpha = 9^\circ $


$\delta _\mathrm {ee}$


$T_c$


$\delta _\mathrm {ee}$


$T_c$


$\alpha = 9^\circ $


$T_c$


$\overline {x}_\text {ref}$


$\delta _\mathrm {ee}$


$T_c$


$\overline {x}_\text {ref} = 0.25$


$\mathrm {d}C_M/\mathrm {d}\delta _\mathrm {e}$


$T_c$


$\mathrm {d}C_M/\mathrm {d}\alpha $


$\mathrm {d}C_M/\mathrm {d}C_L$


$\mathrm {d}C_L/\mathrm {d}\alpha $


$\overline {x}_\text {ref}$


$T_c$


$T_c$


$\overline {x}_\text {ref}$


$\mathrm {d}C_M/\mathrm {d}C_L$


$T_c$


$\mathrm {d}C_M/\mathrm {d}\delta _\mathrm {e}$


$T_c$


$\mathrm {d}C_M/\mathrm {d}\alpha $


$T_c$


$\overline {x}_\text {ref}$


$\overline {x}_\text {ref} = 0.25$


$T_c = 1.66$


$\delta _\mathrm {ee} \approx -26.5^\circ $


$9^\circ $


$R^2 > 0.99$


$T_c$


$\alpha $


$\Delta C_M$


$\alpha = 0^\circ $


$\alpha = 6^\circ $


$\alpha = 6^\circ $


$\alpha = 9^\circ $


$\Delta C_M$


$\alpha $


\begin {align}\Delta C_L &= \frac {\mathrm {d}\Delta C_L}{\mathrm {d}T_c} T_c = \left ( a_0 + a_1 \alpha \right ) \, T_c \label {eq:DeltaCL} \\[1ex] \Delta C_D &= \frac {\mathrm {d}\Delta C_D}{\mathrm {d}T_c} T_c = \left ( b_0 + b_1 \alpha \right ) \, T_c \label {eq:DeltaCD} \\[1ex] \Delta C_M &= \frac {\mathrm {d}\Delta C_M}{\mathrm {d}T_c} T_c = \left ( c_0 + c_1 \alpha + c_2 \alpha ^2 \right ) \, T_c \label {eq:DeltaCM}\end {align}


$\mathrm {d}\Delta (\cdot )/\mathrm {d}T_c$


$a_0, a_1, b_0, b_1, c_0, c_1, c_2$


\begin {align}\Delta C_L &= \left ( 0.3203 + 0.0139 \alpha \right ) T_c \label {eq:DeltaCL:ctail} \\[1ex] \Delta C_D &= \left ( 0.0217 + 0.0033 \alpha \right ) T_c \label {eq:DeltaCD:ctail} \\[1ex] \Delta C_M &= \left ( -0.0117 - 0.0200 \alpha + 0.0014 \alpha ^2 \right ) T_c \label {eq:DeltaCM:ctail}\end {align}


\begin {align}\Delta C_L &= \left ( 0.3313 + 0.0112 \alpha \right ) T_c \label {eq:DeltaCL:ttail} \\[1ex] \Delta C_D &= \left ( 0.0173 + 0.0049 \alpha \right ) T_c \label {eq:DeltaCD:ttail} \\[1ex] \Delta C_M &= \left ( -0.0486 + 0.0041 \alpha - 0.0003 \alpha ^2 \right ) T_c \label {eq:DeltaCM:ttail}\end {align}


$\alpha $


$\Delta C_L$


$\Delta C_D$


$\Delta C_L$


$\alpha $


$0^\circ $


$9^\circ $


$T_c \le 1.66$


$\Delta C_D$


$Re \approx 2 \times 10^5$


$\Delta C_D$


$\Delta C_L$


$\Delta C_D$


$\Delta C_L$


$\Delta C_D$


$\Delta (C_L/C_D)$


$C_{L_\text {max}}$


$C_D$


$\mathrm {d}C_M/\mathrm {d}\alpha $


$\delta _\mathrm {f} = 15^\circ $


$C_M$


$-0.1$


$-0.2$


$T_c$


$\mathrm {d}C_M/\mathrm {d}\delta _e$


$-0.009\,\text {deg}^{-1}$


$-0.018\,\text {deg}^{-1}$


$T_c = 1.66$


$\alpha = 9^\circ $

https://orcid.org/0000-0003-4908-6194
mailto:danilo.ciliberti@unina.it
https://doi.org/10.1016/j.ast.2026.113231
https://doi.org/10.1016/j.ast.2026.113231
http://creativecommons.org/licenses/by/4.0/

D. Ciliberti and F. Nicolosi

control. Similarly, Chen et al. [33], in a recent wing optimization study
under distributed slipstream, confirmed that existing DEP research over-
whelmingly focuses on lift and drag increments, while the impact on
pitching moment remains largely unexplored.

Thus, while DEP literature has a strong wing-scale component, only
some works addressed aircraft-scale static stability and control, and
only for specific demonstrators, not for an aircraft class. Nguyen Van
et al.[22] investigated the impact of DEP on aircraft directional con-
trol, claiming a potential 60% reduction in vertical tail area with differ-
ential thrust control. Similarly, Hoogreef and Soikkeli [34] investigated
a modified X-57 aircraft, finding that distributed propulsion has the po-
tential to replace the rudder during the engine inoperative condition
in climb. Kim et al. [35] analyzed the aerodynamic and static-stability
characteristics of a manned distributed-propulsion personal aerial vehi-
cle and a quad-tilt-propeller UAV using actuator-based methods. Their
results showed that aero-propulsive coupling can significantly reduce
static stability—to the point of rendering the UAV configuration stati-
cally unstable—while the larger manned configuration remains stable
owing to different geometry and mass distribution. Cacciola et al. [36]
derived stability and control derivatives as functions of advance ratio
of their UAV demonstrator from VLM-based models and flight-test data.
Schollenberger et al.[37] provided flight simulation results correlated
with flight test data of an unmanned scaled demonstrator with DEP,
where the aircraft was certainly required to be trimmed in cruise, but
no analysis of its stability and control characteristics was provided.

Qin et al. [38] investigated the aero-propulsive coupling dynamics
of a DEP tandem-wing UAV designed for rapid ascent. By incorporating
distributed propeller slipstream effects into a framework based on clas-
sical stability derivatives, they analyzed how DEP modifies the natural
modes of motion—in particular showing that the phugoid eigenvalues
degrade into two overdamped real roots with increasing thrust, while
the short-period mode is accelerated by the large rear-wing damping.
Ground-based blown-wing experiments and actual flight tests validated
the model. Although this work provides valuable insight into dynamic
stability, the platform is a small UAV in rapid-ascent conditions and
does not address the static stability and elevator control authority of a
conventional aft-tail layout in take-off configuration.

The dependence of pitching moment on thrust level has been fur-
ther quantified analytically by Wei et al. [39], who constructed an ex-
plicit polynomial model of the longitudinal aerodynamic coefficients as
functions of angle of attack, flap deflection, and the momentum-excess
coefficient for the NASA X-57 distributed propulsion system. Their re-
sults showed that for sufficiently large momentum-excess coefficients,
the pitching-moment slope with respect to angle of attack becomes posi-
tive beyond a certain angle of attack, indicating a transition to static lon-
gitudinal instability—a finding that directly motivates the experimental
quantification of static margin shifts pursued in the present work.

The literature reviewed above supports several conclusions. First,
DEP and related blown-wing concepts have been extensively studied
in terms of lift and drag increments, at both wing and aircraft level,
and there is a growing body of works integrating aero-propulsive effects
into conceptual design and sizing frameworks. Second, multiple studies
have shown that DEP lift augmentation is typically accompanied by in-
creased pitching-down moment coefficients, implying potential penal-
ties in static margin and trim. Third, while a few works have begun
to quantify how DEP affects aircraft-level stability and control deriva-
tives, they focus on UAVs, eVTOLs, or specific demonstrators, relying
on numerical models and system identification rather than extensive
wind-tunnel measurements for a specific aircraft class.

What is still absent from the open literature is a comprehensive, ex-
perimentally based characterization of how a leading-edge high-lift pro-
peller system installed on a commuter-class blown wing modifies:

o the full set of longitudinal aerodynamic coefficients (lift C;, drag
Cp, and pitching moment C,,) as functions of angle of attack and
thrust coefficient at one or more flap settings;
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¢ the longitudinal static stability derivative, the position of the neutral
point, and thus the static margin dC,,/dC; for different horizontal-
tail layouts (conventional aft tail vs. T-tail);

o the elevator control derivative dC,, /dé, and available control power
as a function of DEP thrust level.

The present work addresses the literature gaps outlined above with a
generic commuter aircraft model, previously characterized in power-off
tests [40], extending the experimental campaign to powered conditions
with distributed propellers. By extracting and correlating the relevant
aerodynamic derivatives from wind tunnel data with thrust coefficient,
angle of attack, and elevator deflection angle, the study provides design-
relevant insight into how DEP affects tail sizing, pitch trim, static mar-
gin, and elevator control authority for the commuter aircraft class in
take-off configuration. This characterization and the subsequent model-
ing of incremental effects constitute the novel contributions filling the
identified gap on the impact of distributed propulsion on the longitudi-
nal stability and control of a fixed-wing aircraft.

The generic 19-passenger commuter aircraft with DEP has been de-
veloped as a subscale technology demonstrator for the Italian PROSIB
project. The platform features a high wing with slotted flaps, alternative
empennage layouts (conventional aft tail and T-tail), and provision for
a belly-mounted pod housing batteries and hybrid-electric systems.

The remainder of the text is structured as follows. Section 2 describes
the experimental setup including the wind tunnel facility, the aircraft
model and the installation of the DEP system, similarity parameters,
test matrix, and data reduction. Section 3 provides the results of wind
tunnel runs, presenting the variations of the aerodynamic coefficients,
as well as the derived quantities for the evaluation of longitudinal stabil-
ity and control characteristics, for selected configurations (wing-body,
alternative tails) at different thrust settings. A discussion on design and
operational implications follows, including the impact of tailplane lay-
out, static margin, and trim penalty; control power margins at different
thrust levels and attitudes; interaction with performance benefits and
losses. Concluding remarks are drawn in Section 4.

2. Wind tunnel setup

The experimental tests were run in the Department’s closed-return,
closed-test section, subsonic wind tunnel. The test section has a tem-
pered rectangular shape 2.0 m wide and 1.4 m high. The average turbu-
lence intensity at test section inlet is 0.10%.

The hardware to measure the aero-propulsive forces on the model
were: an ATI Delta SI-165-15, a six degrees of freedom internal strain
gauge balance to measure the aerodynamic forces and moments on the
aircraft model; four off-center unidirectional load cells to measure the
thrust produced by the propellers; electronic sensor to measure motors’
voltage, current, and RPM.

The data acquisition and control system was made up of the follow-
ing devices: a National Instruments USB-6341 board to acquire wind
tunnel aerodynamic data and balance readings; a National Instruments
USB-6343 board to acquire motor data, propulsive forces, and to control
the motors’ rotational rate; desktop computers to run LabVIEW virtual
instruments reading the data acquisition and control devices, one for
the wind tunnel and another for the propulsive group. Details on the
aircraft model and thrust measurements are given in the following.

2.1. Scaled aircraft model

The experimental model is representative of a generic 19-pax air-
plane [40]. Detailed dimensions are reported in Figs. 1 and 2. The model
had a planform area of 0.25 m?, a mean aerodynamic chord of 0.171 m,
a wing span of 1.5m, an overall length of about 1.1 m. The airfoils were
the NACA 23018 for the wing root and kink sections, the NACA 23015
for the wing tip section, and the NACA 0012 for the tailplane sections.
The test article was entirely made in aluminum alloy by CNC manufac-
turing. The tailplanes group could be entirely removed from the fuselage
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to be quickly swapped. Fig. 3 shows the aircraft model in the test sec-
tion with the two tailplanes (conventional aft and T-tail). In this work,
a DEP frame with 10 propellers has been added in the wind tunnel test
section. Details are given in the following sections.

2.2. Scaling effects

Thrust similarity requires that the nondimensional thrust coefficient
of the scaled model is the same of the full-scale aircraft. An ideal pro-
peller scaling would also require the same torque coefficient but, since
thrust and power scales differently, it is only possible to match one pa-
rameter [41]. For this research work, it was decided to match the thrust
coefficient defined as:

T/n
T, = Iin 1)
Apdo
where 7 is the total thrust, # is the number of propellers, 4, is the disk
area of a single propeller, g, is the dynamic pressure. This definition

is directly related to the airspeed in the assigned conditions and it is
independent from the propeller’s RPM. Note that T, as defined here rep-
resents the thrust coefficient per propeller, with 7'/n being the thrust
per propeller.

Take-off conditions were assigned. Therefore, assuming values for
the aircraft maximum weight, thrust-to-weight ratio, lift coefficient, air-
speed, the number of propellers, and their size, an estimation of T, was
made. The assumed values are reported in Table 1. With these data, a
T, ranging from 0.9 to 1.5 was estimated from Eq. (1) for an array of
10 distributed propellers. With a geometrical scale factor of 1:12 and a
wind tunnel speed of 17 m/s, this converts to a single scaled propeller
thrust from 20N to 30 N. The propeller-motor coupling had to achieve
this thrust range to simulate the take-off run conditions in the wind tun-
nel.

The combination of model’s size and tunnel speed yielded a Reynolds
number Re ~ 2 X 10°. Transition strips were applied to all lifting sur-
faces prior to testing, enforcing turbulent boundary layer conditions and
eliminating laminar separation bubbles that typically inflate drag coef-
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(a) Conventional aft tail

(b) T-tail

Fig. 3. The aircraft model in the wind tunnel with the two tailplane layouts.

Table 1

Assumed parameters to estimate thrust coefficient during the take-
off run for a commuter aircraft with distributed propulsion. Data
for the full-scale aircraft.

Parameter Symbol  Value Unit
Thrust-to-weight ratio T/W 0.25 to 0.40 -
Take-off weight® w 83,400 N
Total thrust T 20,850 t0 33,350 N
Single propeller area A, 1.64 m?
Maximum lift coefficient C/ max 2.3 -
Stall speed Vinin 39.4 m/s
Take-off speed (20% margin)  V 47.2 m/s
Dynamic pressure Qo 1367 Pa

a Below CS-23 limit for commuter aircraft (19000 Ib).

ficients at low Reynolds numbers. Furthermore, the high-RPM propeller
slipstream provided additional turbulent forcing over the blown wing
region, ensuring that the boundary layer state on the model was repre-
sentative of full-scale conditions.

2.3. Distributed thrust measurement

The distributed electric propulsion system installed in the wind-
tunnel test section comprised ten brushless motors (Hacker A30-12 XL
V4 Kv 700) with identical composite propellers [42] of about 0.12m
diameter, mounted on a dedicated support structure ahead of the wing.
Thrust was measured using four calibrated load cells integrated into the
propulsion support structure, as shown in Fig. 4. The support frame was
constrained on the test section floor and had to be manually tilted to
match the aircraft attitude, so that the geometric angle of attack was
fixed during a wind tunnel run.

The frame was designed to keep the propulsive line close to the
wing leading edge, yet detached from the aircraft model. To this end,
the present work isolates the indirect aerodynamic effects of distributed
propeller blowing on the airframe. Direct propulsive contributions, in-
cluding thrust-line and propeller normal-force moments, were intention-
ally excluded from the aircraft balance measurements; accordingly, only
net thrust was measured to define the thrust coefficient 7,. The frame
was also designed to avoid any obstruction between the propellers and
the wing. For this reason, the propellers were mounted downstream of
the motors, while minimizing the frontal area of the propulsive line to
limit the aerodynamic interference of the support frame. See also the
side view in Fig. 5 illustrating the arrangement of propeller, motor, and
electronic speed controller (ESC).

Table 2
Test matrix nomenclature: WB is wing-body configuration; WBHV is
wing-body-horizontal-vertical configuration.

Config. 5. (deg)  Notes

WB n.a. fixed wing-propeller position, a and 7, sweep

WB n.a. effects of wing-propeller relative position, fixed a
WBHV 0° complete aircraft with conv. aft tail, « and T, sweep
WBHV -10° complete aircraft with conv. aft tail, « and T, sweep
WBHV 0° complete aircraft with T-tail layout, « and 7, sweep

WBHV -10° complete aircraft with T-tail layout, « and 7, sweep

A pre-test calibration with stationary propellers identified the aero-
dynamic drag contribution of the support structure as a function of dy-
namic pressure g, and support attitude for each load cell. During pow-
ered tests, this drag contribution D, was subtracted from the raw load
cell readings F to obtain the net propeller thrust:

4
Thet = 2 (Fcell,i - Dcell,i) @

i=1

The propulsive data acquisition and motors’ control were made in a
dedicated LabVIEW virtual instrument. The additional solid blockage
due to the DEP support frame was accounted for in the wind-tunnel
correction software.

Because the RPM of individual propellers occasionally differed de-
spite a common commanded throttle setting, thrust equalization across
the propulsive line was ensured by monitoring the four load-cell (bal-
ance) readings rather than by matching per-propeller rotational speed.
RPM was recorded primarily as a consistency check, with further details
on its measurement and uncertainty given in Section 2.5.

2.4. Test matrix

The wind tunnel test matrix is given in Table 2. All runs were made
at three different geometric angles of attack (ag =0°,5°8°) and at a
fixed flap deflection angle (6; = 15°). All powered runs were made with
T, from 0 to 1.66. The elevator deflection was set at 5, = 0°,—10° for
the complete aircraft configurations.

2.5. Measurement uncertainty

Net thrust was obtained from four HBM PW6C single-point load cells
(10kg capacity, accuracy class C3MR, multi-range). According to the
manufacturer’s specifications, the combined non-linearity, hysteresis,
and off-center load error is on the order of +0.02% of rated output,
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Fig. 4. Front view of the distributed propellers supporting frame in the wind tunnel test section.

Fig. 5. Arrangement of the propulsive line with respect to the wing leading
edge.

corresponding to an absolute uncertainty of about +0.02 N per cell at
full scale. Given the four-cell summation used to compute net thrust
(2), and accounting for the pre-test drag-tare subtraction described in
Section 2.3, the propagated uncertainty on T, is estimated at approxi-
mately +0.1N, consistent with the resolution needed to distinguish the
tested thrust levels (20-30 N per propeller). As noted in Section 2.3, in-
dividual propeller thrust could not be reliably inferred from RPM alone,
since rotational speed occasionally differed measurably across the ten
propellers. The load-cell readings, rather than per-propeller RPM, were
therefore used to ensure an even thrust distribution during testing.

Motor RPM was measured using an OPB704WZ reflective infrared
object sensor (890 nm LED/phototransistor pair) detecting a reflective
marker on the outrunner motor rotor once per revolution. The sensor’s
pulse train was converted into an analog voltage proportional to RPM
by a custom-made signal-conditioning board, outsourced to a third-party
electronics manufacturer, built around an LM2917 frequency-to-voltage
converter with INA128 instrumentation amplifiers for signal buffering
and scaling prior to acquisition. Because the optical sensor itself func-
tions purely as a digital on/off trigger, the accuracy of the RPM mea-
surement chain is governed by the calibration of this conditioning board
rather than by the sensor’s own specifications.

Random errors on the aerodynamic coefficients were estimated from
repeated tests at different angles of attack and thrust settings, with an

average uncertainty of +0.01 for C;, +0.0025 for Cj, and +0.025 for
C),- These uncertainties, combined with the thrust-measurement error
described above, propagate into the longitudinal stability and control
derivatives presented in Section 3.3, which are evaluated via linear re-
gression of the pitching moment coefficient vs. the angle of attack or
the elevator deflection angle at different thrust levels. The correspond-
ing regression-based confidence intervals are reported alongside the rel-
evant results.

3. Results and discussion

Wind tunnel results were corrected for blockage and other effects ac-
cording to [41,43]. The combined propellers size was about 4% of the
wind tunnel cross-section area. Therefore, the airspeed correction due
to propellers operating at full thrust was negligible [41]. The aerody-
namic coefficients C; (lift), Cp (drag), and C,, (pitching moment) were
evaluated from the corrected balance readings. The moment reference
point was fixed at 25% of the mean aerodynamic chord.

A first set of wind tunnel runs was made on the wing-body (WB)
configuration to investigate the aero-propulsive effects on the main lift-
ing surface. Then, having established the trends of the WB aerodynamic
coefficients with angle of attack and thrust settings, the influence of
wing-propeller relative position was investigated. Finally, the complete
aircraft configuration with the two different tailplane layouts was tested
to highlight the aero-propulsive effects on the longitudinal static stabil-
ity and control characteristics of the aircraft model. Details are given
in the following sections, where the charts’ legend use the following
nomenclature:

Prop-off, no frame indicates that the propulsive frame was folded to
the floor without propellers (practically identical to the condi-
tions of [40]);

Prop-off, with frame indicates that the propulsive frame was set up as
in powered tests, but without propellers;

T. = 0 indicates that the tests were prop-on, with propellers rotating
but providing zero net thrust (idle condition);

T, > 0 indicates that the tests were prop-on, with propeller providing
positive thrust.
3.1. Effects of DEP on wing aerodynamics

Wind tunnel results for the wing-body configuration provided in-
sights on how DEP affects the wing aerodynamics at 15° flap settings.
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Fig. 6. Lift coefficient vs. angle of attack for the WB configuration.

Fig. 6 illustrates the variations of lift coefficient C; with angle of at-
tack « and thrust setting 7,. The dotted and dashed lines represent the
WB configuration without propellers, with the former representing the
case with the propulsive frame folded on the floor. The detrimental ef-
fect of the propulsive frame is apparent. Its presence reduced the lift
curve slope dC; /da by about 15% and the value of the lift coefficient at
zero angle of attack C; by about 0.1. The installation of the propellers
and their operation in idling condition (7, = 0) caused a further 18%
reduction of dC; /da and 0.03 decrement of C; . Conversely, positive
thrust settings increased dC; /da from 8% to 10% with respect to idling
conditions, while C; increased by about 0.10 per 0.28 increment of
T,.

The reader may note that the markers of Fig. 6 are not exactly located
at fixed values of the angle of attack, with these values slightly moving
to the right with increasing thrust settings. This is due to the correction
of the flow curvature with lift coefficient. Generally, as the lift force
generated by a wing increases, so does the downward acceleration of
the flow. However, in a closed test section the downwash is partially
obstructed by the floor. Therefore, the corrected values of the angles of
attack reported in the charts are slightly larger than their geometrical
values, which were exactly fixed at 0°,5°, 8°.

The drag polar shown in Fig. 7 illustrates the increase in drag coef-
ficient due to the frame (about 100 drag counts at C; = 1) and idling
propellers (additional 250 drag counts at 7, = 0). Positive thrust settings
were beneficial with respect to idling conditions, although the largest
aerodynamic efficiency, evaluated as the ratio between lift and drag
coefficients, was obtained with the prop-off configurations. This lift-to-
drag ratio is plotted against the lift coefficient in Fig. 8. The reduction
of aerodynamic efficiency with respect to the prop-off configurations is
apparent. In average, from 2 to 4 points were lost due to the propulsive
frame interference. A partial, but insufficient recovery was measured
with the propellers blowing.

As expected, the additional lift due to DEP also affected the con-
figuration’s pitch tendency. Fig. 9 shows the pitching moment coeffi-
cient Cy, vs. the angle of attack a. The aerodynamic interference of the
propulsive frame reduced the magnitude of the C,, by about 0.010 at
low angles of attack and sensibly more at larger angles. In other words,
as C; decreased due to the aerodynamic interference of the propulsive
frame and idling propellers, so did the C,,. Moreover, the slope of the
curve dC,,/da at T, = 0 was increased by about 20% with respect to
the prop-off configuration with the propulsive frame folded, indicat-
ing that the destabilizing contribution of the wing-body was further ag-
gravated under idling conditions. However, the application of positive
thrust restored the initial value of dC), /da for low values of the angle of
attack.

The shift of the wing-body aerodynamic center, evaluated as:
dCy,/da
dC; /da

was estimated to be between 3% and 7% ahead of the reference posi-
tion, which was at 25% of the mean aerodynamic chord, increasing with
the thrust coefficient except for T, = 0, where it achieved the maximum
value.

Finally, a significant increase of the absolute value of C,, with T, was
observed. At low angles of attack, it nearly doubled in magnitude, from
approximately —0.1 to —0.2, highlighting possible issues in longitudinal
trim, if the elevator control power of the complete aircraft configuration
were unaffected. Details on longitudinal stability and control under DEP
operations are given in Section 3.3.

3

AXx,, =

3.2. Effects of propellers position on the wing aerodynamics

During the investigation of the wing-body combination, the thrust
lines of the DEP system were aligned to the wing chord. However, it
was questioned whether the wing-propeller relative position could have
an impact on the aerodynamics, as shown in [6]. Therefore, a total of
seven positions were investigated, as illustrated in Fig. 10. To limit the
number of the tests, two thrust settings and one value of the geomet-
ric angle of attack were selected. The results discussed in the previous
section referred to the position labeled as A. By moving the propulsive
frame on the illustrated points, a noticeable impact was obtained on the
aerodynamic coefficients.

Wind tunnel runs were performed at 7, = 1.383 and 7, = 1.660 at a, =
5°, corresponding to a corrected angle of attack a ~ 6°. Fig. 11 reports
the variations of the aerodynamic coefficients with respect to 7, = 0.
It is apparent the significant impact of propellers’ position on the drag
coefficient, with a reduction of about 55% at position F. Conversely,
the lift and pitching moment coefficients were affected much less. As
a consequence, the aerodynamic efficiency was largely improved, with
position F ranked as the best, B as a potential competitor, and C as the
worst. The increment in lift-to-drag ratio at F was almost independent
from thrust settings, as C; /Cj, increased by about 1 with respect to
the reference case T, = 0 and by about 2.5 with respect to position A.
The higher efficiency was attributed to a more favorable circulation that
delayed flow separation, while lift and pitching-moment characteristics
were only weakly affected.

3.3. Effects of DEP on longitudinal stability and control

The complete aircraft configurations (WBHV) were investigated with
two tailplane groups: a conventional aft tail and a T-tail, already shown
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Fig. 9. Pitching moment coefficient vs. angle of attack for the WB configuration.

in Fig. 3. The propulsive line was set in position F, since it was the most
favorable layout for the wing aerodynamic efficiency. Wind tunnel runs
with the elevator fixed at 6, = 0° and —10° provided untrimmed results,
because the rotational equilibrium (C,, = 0) was not always achieved.
The effects of DEP on lift and drag coefficients are shown in Figs. 12
and 13, respectively. The trends were similar to those observed in

Section 3.1. An increase in lift curve slope with respect to the wing-body
configuration was expected due to the additional rear lifting surface in
untrimmed condition. The conventional aft tail and the T-tail layouts
exhibited no appreciable differences in lift and drag characteristics.
Conversely, the pitching moment of the two tailplane configura-
tions, shown in Fig. 14, provided different outcomes. The addition of
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Fig. 10. Illustration of the relative wing-propeller positions. In this picture, the propulsor is located in A. Other positions are obtained by translating the entire

propulsive assembly by the values indicated on the grid.

Table 3
Longitudinal stability derivatives at different thrust settings. Values in
deg!.

Conventional tail T-tail
T, dC, /da  dC,,/da dC,,/dC, dC,/da dC,/da dC,,/dC,
prop-off 0.104 -0.0222 -0.213 0.103 —-0.0225 -0.220
0 0.079 -0.0169 -0.211 0.080 —0.0240 -0.298
0.830 0.089 -0.0238 -0.267 0.089 —-0.0228 -0.258
1.107 0.096 —-0.0254 -0.266 0.092 —-0.0225 -0.245
1.383 0.098 —-0.0259 -0.265 0.096 —-0.0214 -0.224
1.660 0.100 -0.0268 -0.267 0.107 —-0.0214 -0.220

the horizontal tail introduced the longitudinal stability at all condi-
tions, since dC,,/da < 0. Both tailplanes exhibited the same value of
—0.022deg~! in prop-off condition. From there, positive thrust settings
increased the dC,, /d up to —0.027 deg™! on the conventional tail lay-
out. This was attributed to the blowing effect of the propellers imping-
ing on the tailplane, reducing the downwash gradient and increasing the
local dynamic pressure. Conversely, the T-tail contribution to the pitch-
down tendency was slightly reduced to —0.021 deg~" at full power, as the
horizontal stabilizer was largely outside the propellers wake. Although
it was not possible to measure dynamic and unsteady derivatives, it is
expected that the changes in dC), /da would increase the pitch stiffness
for the conventional tail and reduce it for the T-tail configuration, hence
affecting the short-period response of the aircraft.

The other apparent effect of DEP visible in Fig. 14 is the downward
translation of the C,, curves with increasing T, values. At positive angles
of attack and maximum thrust the C,, of the conventional tail changed
by about —0.175 from idling conditions. Since the T-tail was outside the
propeller wake, it caused a shift of about —0.125 in the same conditions.
Full throttle settings provided a difference of about 0.045 between the
two tailplane configurations. These negative increments of C,, must be
compensated by the elevator to trim the aircraft (i.e. ensure C,; =0)
during DEP operation.

Because distributed propulsion simultaneously augments lift and
pitch-down moment, comparing dC,,/da across thrust settings is po-
tentially misleading: at the same angle of attack, different thrust coeffi-
cients produce different lift coefficients, so the operating conditions are
not aerodynamically equivalent. The derivative dC,,/dC;, equivalent
to the ratio between dC,, /da and dC; /da, provides a thrust-consistent
reference by mapping the pitching moment against the actual aerody-
namic loading state, and is a direct measure of the aircraft aerodynamic
center offset from the assigned reference point. It is therefore adopted
here as the primary stability metric for comparison across thrust lev-
els and tail configurations. Variations of aerodynamic derivatives with
thrust coefficient on the complete aircraft configurations are given in
Table 3.

The aircraft aerodynamic center is also known as the neutral point,
that is the longitudinal coordinate of the moment reference center (nor-
malized to the mean aerodynamic chord) that cancels the aircraft static
stability. It physically represents the rearmost position of the center of
gravity that keeps the aircraft longitudinally stable. Similarly to Eq. (3),
it is evaluated as:
_ _  doy
XN = Xpef — E
where X, = 0.25 and dC,,/dC; is available in Table 3. Fig. 15 shows
that the neutral point of the conventional tail configuration presented
a step of 0.056 at positive thrust settings, moving from 0.461 to 0.517.
Conversely, the T-tail presented a significant leap between prop-off and
idling conditions. It practically provided the same value of the conven-
tional tail in prop-off condition, with Xy = 0.47. At T, = 0 it jumped to
0.548 and then it linearly decreased with a rate of (4.9 + 1.1)% of the
mean aerodynamic chord per unit 7,, with a 95% confidence interval.
From the idling condition, the aircraft with the T-tail layout became less
stable with increasing thrust levels.

Therefore, while both tail configurations exhibited the same longitu-
dinal stability characteristics in prop-off condition, at 7, = 0 (idling) the
T-tail was significantly more stable than the conventional tail. This was
attributed to the relative vertical distance of the former to the wake of
the propellers, while the latter was presumably always immersed in the
propwash. Apparently, while in idling condition the wing aerodynam-
ics was disturbed by the slowly rotating propellers, the T-tail was unaf-
fected and kept its restoring action. For the same reason, at large thrust
settings, with the wing immersed in the slipstream and the tailplane
out of the wake, the T-tail contribution became relatively less impor-
tant. Conversely, it can be argued that the wing and the conventional
tail exhibited the same increment in effectiveness at positive thrust
settings.

The evaluation of longitudinal control authority was made with
the derivative dC,,/dé,, also named elevator control power, indi-
cating the rate of change of C,, per unit of elevator deflection §,.
Wind tunnel runs of the complete aircraft configuration with the two
tailplane layouts, initially performed with 6, = 0°, were repeated with
5, = —10°. The elevator control power was estimated as the incremental
ratio:
dCy  Cy(3.==10°) = Cyy (3,=0°)
s, —10°
where the evaluation was made at different angles of attack and thrust
settings. Results are reported in Table 4. By performing a regression
analysis at all angles of attack the lines of Fig. 16 were obtained. It
is apparent that the conventional tail configuration exhibited a linear
variation of the elevator control power, while the T-tail configuration
was substantially unaffected in all conditions.

The baseline balance uncertainty propagated to a standard error of
+0.0035deg™" for the individual elevator control power measurements.

4

(5)

(S
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Fig. 11. Impact of propellers position on the aerodynamic coefficients. Relative changes with respect to 7, = 0. Values at @, = 5° (corrected a ~ 6°).

To confirm the systematic trends observed in Fig. 16, a linear regres-
sion analysis of dC), /d5, versus T, was performed. For the conventional
tail, the regression confirmed a highly significant (p < .001) linear aug-
mentation of control authority, with the derivative dC,,/d§, becoming
more negative at a rate of (—0.0053 + 0.0009) deg™' per unit T, (95%
confidence interval). Conversely, the variations observed for the T-tail
fell within the +£0.0035 deg™' measurement uncertainty band, confirm-
ing that its elevator control power remained statistically unaffected by
the distributed propulsion.

Thus, stability and control characteristics exhibited some similar-
ities. Distributed propulsion increased both longitudinal stability and
control of the conventional tail configuration, where the neutral point
moved aft by about 6% regardless of the positive thrust level and the
elevator control power doubled in full power condition, from —0.009 to
about —0.018. Conversely, the longitudinal stability decreased for the
T-tail configuration, where the neutral point moved forward by about
8% in full power condition, while the elevator control power was not
significantly altered by DEP operation.

Table 4
Elevator control power dC,,/ds, at different angles of attack and
thrust settings. Values in deg™'.

Conventional tail T-tail

T. a=0.6° a=6.0° a=0.6° a=6.0° a=9.1°

prop-off ~ —0.0102  —-0.0089  —-0.0100 —-0.0095 —0.0075
0 —-0.0105  -0.0090  —0.0091 —-0.0092  -0.0075
0.830 -0.0145  -0.0131 —0.0087  —0.0095  —0.0080
1.107 n.a. n.a. —-0.0087  —-0.0100  —0.0084
1.383 -0.0171 -0.0171 —0.0086  —0.0098  —0.0084
1.660 —-0.0182  -0.0186  —0.0081 -0.0102  -0.0087

3.4. Considerations on longitudinal trim

The alteration of aircraft stability and control characteristics due to
propellers blowing suggests that the effects of DEP on longitudinal trim
are not intuitive. Generally, the elevator deflection &, is expected to
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Fig. 14. Pitching moment coefficient vs. angle of attack for the two tailplane layouts. Elevator in neutral position (5, = 0°).

grow negative (pulling the stick) with the moment reference center x,.¢
moving forward and with increasing thrust coefficient 7,. However, it
is here shown that, even by linearizing data, the combined effects due
to distributed thrust with different tailplane configurations may provide
non-monotonic trends.

The aircraft pitching moment coefficient is modeled as:
dC—M(x + Ly Oe

da ds,

where C,, is the pitching moment coefficient at « = §, = 0°. To trim the
aircraft Eq. (6) is solved for C,, = 0, providing the equilibrium elevator
deflection angle:

dc
Cp, + M o

0
5ee = _Tﬂfa (@]

dé

Cy =Cy + (6)

€

where the values of C,, are inferred as the intercept of the linearized
data of Fig. 14 and the values of dC,, /d5, are taken from the regression
lines of Fig. 16. The values of dC;;/da could be taken from Table 3,
but these would be only valid at X, = 0.25. Therefore, to generalize
the results at other reference points (i.e. center of gravity locations),
the invariance of the neutral point is exploited here. The static stability
margin SSM is defined by inverting Eq. (4):

SSM = C;CTAZ = Xref — XN ®
where Xy is function of T, only as in Fig. 15 and X, is assigned. From
the SSM evaluated with Eq. (8), the values of dC),/d« are calculated:

dCy _ dC,, dCp
W T A, @
where the lift gradient dC; /da, available in Table 3, is invariant with
Xpof- Therefore, Eq. (7) can be applied to estimate the equilibrium ele-

9
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Fig. 17.

vator deflection angle 6., at any corrected angle of attack a within the
investigated range. As an application case, Eq. (7) is solved for the high-
est investigated value of angle of attack (a = 9°) and a reference point
X,ef Varying from 0.25 to 0.40 with 0.05 step, representing typical center
of gravity positions. Extrapolation is possible as long as the linearization
of aerodynamic data is feasible, i.e. in attached flow conditions. Results
are shown in Fig. 17 for both conventional and T-tail configurations.

11

Equilibrium elevator deflection angle at « = 9° vs. thrust coefficient for the two tailplane layouts at different moment reference points.

Even by linearizing the available data, the combination of stability
and control characteristics under the influence of propellers slipstream
of different intensity is such that the variation of the required eleva-
tor deflection angle &, for longitudinal equilibrium is nonlinear with
the thrust coefficient T,. The best-fit lines suggest that ., exhibits a
mild quadratic dependence on T,. For both tail configurations, advanc-
ing the reference point would require a larger pull-up deflection, while
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increasing the thrust coefficient has different effects depending on the
slipstream impingement on the horizontal tail.

Since the conventional tail was immersed in the propellers’ slip-
stream, the amplified elevator control power is largely sufficient to trim
the aircraft at « = 9° for all the values of 7, and X, despite the in-
creased pitch-down tendency. On top of that, estimated values of &,
are not always decreasing with T,. For X, = 0.25 the required elevator
deflection angle at full power is even less negative than low-power con-
ditions, requiring a slight relaxation of the stick-pull force. This means
that the elevator control power derivative dC,, /d§, grows with T, faster
than the stability derivative dC,, /da, which is directly proportional to
the static margin dC,, /dC; and the lift curve slope dC; /da. The former
is constant for a given X,.;, whereas the latter grows with T,. This also
explains the change of the curves slope in Fig. 17a: the second term of
the numerator of Eq. (7) grows when T, increases and x,; decreases
(i.e. dCy,/dC; increases), whereas the denominator increases only with
T,.

Conversely, since the T-tail was out of the propwash, the required
negative deflection angle also increases with the thrust coefficient. The
control power derivative dC,, /dé, stays constant with 7, and the slope
of the curves in Fig. 17b is entirely shaped by the stability derivative
dCy, /da, which grows with increasing T, and reducing X,¢.

There is at least one data point that raises a concern for the T-tail
configuration. At X, = 0.25 and 7, = 1.66, a ., ~ —26.5° should be set.
However, this is a value very close to the usual elevators end-stop, mean-
ing that if the investigated conditions hold in flight, the aircraft could
not be trimmed in full-power conditions at angles of attack higher than
9°, making low-speed operations—Ilike an initial climb—difficult.

3.5. Incremental effects

The previous discussion on aircraft equilibrium, stability, and con-
trol during DEP operation implies that the design of the horizontal tail
strongly depends on the its distance from the distributed propellers’
wake. In fact, even with similar volumetric ratios, the configurations in-
vestigated in this work exhibited largely different stability and control
characteristics. They may be considered as limit cases: the conventional
tail immersed in the propwash and the T-tail out. An intermediate be-
havior is expected with different layouts (e.g. low wing or cruciform
tail), although nonlinear effects are hard to predict and should be care-
fully investigated.

It could be argued that the impact of DEP should have been evalu-
ated with respect to the prop-off configuration with frame, taking the
unpowered condition as reference, but accounting for the aerodynamic
interference of the support structure for a fair comparison with powered
tests. However, it is unlikely that a full-scale DEP-powered aircraft could
disengage all the motors in flight, bringing the wing to a configuration
similar to the prop-off condition investigated here. Therefore, it seemed
reasonable to compare the aero-propulsive effects with respect to the
idling conditions, which could be met in a descent phase.

To provide guidelines to aircraft designers, the aerodynamic data of
the complete aircraft configurations are presented here as incremental
effects with thrust coefficient. Data distributions were linearized where
possible and a complete set of equations is derived for each tailplane
configuration. Readers involved in similar designs may promptly use
this model to perform a preliminary analysis before setting up compu-
tational intensive high-fidelity simulations or an expensive wind tunnel
test campaign.

Figs. 18 to 20 present increments of lift, drag, and pitching moment
coefficient, respectively. Regression lines yielded R?> > 0.99, indicating
that a linear model was a good fit. However, for a given 7, only some of
the increments were linearly affected by the corrected angle of attack a.
On the conventional tail configuration the AC,, increased significantly
between a = 0° and « = 6°, while its magnitude was slightly reduced be-
tween a = 6° and a = 9°. Similarly, the AC,, on the T-tail configuration
exhibited a nonlinear variation with a, but in the opposite direction.
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This is a further confirmation that the conventional tail was immersed
in the propwash at moderate angles of attack, while the vertical sepa-
ration between the T-tail and the slipstream increased with the angle of
attack.

Therefore, the models for lift and drag coefficient are assumed lin-
ear with both thrust coefficient and angle of attack, whereas the pitch-
ing moment coefficient is modeled as linear with thrust coefficient and
quadratic with the angle of attack. The models for increments in aero-
dynamic coefficients are:

L
AC, = aT, T, = (ag+a,a)T, (10)
dAC
ACp = T, = (by + bya) T, an
dr,
dAaC
AC,, = dTM T, = (co+cja+ca?) T, 12
c

where the values of dA(-)/dT, are the slopes of the regression lines of
Figs. 18 to 20. They have been reported in Table 5. By applying the poly-
nomial regression on these values, the coefficients a, a;, by, by, cy, 1, ¢o
are obtained. Values of such coefficients are substituted in (10) to (12)
for each tail configuration.

For the conventional tail configuration, the incremental coefficients
are:

AC; = (0.3203 + 0.0139a)T,, 13
ACp = (0.0217 +0.0033)T, a4+
ACy, = (-0.0117 — 0.0200a + 0.00140?)T, @s)

whereas for the T-tail configuration, the incremental coefficients are:

AC; = (03313 + 0.0112a)T, (16)
ACp = (0.0173 + 0.0049)T, an
AC) = (=0.0486 + 0.0041a — 0.0003¢) T, 18)

with « expressed in deg. Egs. (13) to (15) are validated against the data
set shown by the markers of Figs. 18a, 19a, and 20a, respectively, in
Table 6. Similarly, Eqgs. (16) to (18) are validated against the data in
Figs. 18b, 19b, and 20b, respectively, in Table 7. Despite some large
discrepancies in a few conditions, the average error is below 5% for the
AC; and AC, of the conventional configuration as well as for the AC;
of the T-tail configuration. The other increments are predicted with an
average error of about 10% with respect to wind tunnel data. Therefore,
the provided equations can be confidently used for the preliminary esti-
mation of distributed propellers indirect effects. Their validity is limited
to the investigated range of angles of attack (« from 0° to 9°) and thrust
coefficients (T, < 1.66).

3.6. Transferability of results and implications for take-off performance

The drag increments AC), reported here were obtained at Reynolds
numbers representative of wind-tunnel testing conditions (Re ~ 2 X
10%). As stated in Section 2.2, the combination of high-RPM propeller
slipstream and transitional strips provided a turbulent boundary layer
on the model. As a consequence, it is believed that the measured drag
increments ACp, were not affected by the low-Re viscous artifacts that
would otherwise limit the transferability of wind-tunnel results.

While absolute drag coefficients are known to decrease approxi-
mately logarithmically with Reynolds number, the DEP-induced drag
increment was dominated by the inviscid slipstream effect on induced
drag, which scaled with AC; rather than with viscous parameters. A
first-order transferability estimate can be obtained by scaling only the
friction-driven portion of AC,, with a fully turbulent skin-friction cor-
relation. Based on the present scale and speed ratios, the full-scale
Reynolds number is expected to be about 30 times higher than the
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Fig. 18. Incremental effects of DEP on the lift coefficient for the complete aircraft configurations as function of thrust coefficient and corrected angle of attack.
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Fig. 19. Incremental effects of DEP on the drag coefficient for the complete aircraft configurations as function of thrust coefficient and corrected angle of attack.
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Fig. 20. Incremental effects of DEP on the pitching moment coefficient for the complete aircraft configurations as function of thrust coefficient and corrected angle

of attack.

model’s value. By applying the Prandtl-Schlichting turbulent correla-
tion, the full-scale skin-friction coefficient is expected to be about one-
half of the wind-tunnel value, so the measured drag increments should
be regarded as conservative when interpreted as total increments, while
the pressure-driven DEP effects are expected to transfer more directly.
Both AC; and AC), and therefore the DEP-induced change in
aerodynamic efficiency A(C; /Cp), are considered reliable at full-scale
Reynolds numbers. The regression-based correlations of these incre-
ments with thrust coefficient and angle of attack derived from the
present dataset are therefore directly applicable to preliminary design
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and sizing analyses, pending validation with high-fidelity CFD or flight-
test data at a later design stage.

The measured increase in C; _ due to DEP operation implies a lower
lift-off speed, which tends to shorten the take-off ground roll. How-
ever, the simultaneous increase in C; documented here partially off-
sets this benefit, since the higher drag reduces the net accelerating force
along the runway. The balance between these two competing effects
cannot be resolved from aerodynamic data alone and requires an inte-
grated take-off performance analysis, identified here as a topic for future
work.
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Table 5
Values of the slope of the regression lines of Figs. 18 to 20.
Conventional tail T-tail
a(deg) dAC,/dT,  dAC,/dT,  dAC,/dT,  dAC,/dT.  dAC,/dT,  dAC,,/dT,
0.6 0.326 0.023 —-0.023 0.339 0.022 —0.046
6.0 0.411 0.042 —0.081 0.396 0.041 —-0.035
9.1 0.442 0.051 -0.078 0.434 0.065 —-0.036

Table 6

Validation of the Egs. (13) to (15). Deviations from wind tunnel data.
a(deg) T, AC, AC, err.  AC), ACperr.  ACy, AC,, err.
0.6 0.830 0.273 -7.9% 0.020 21.9% -0.019 61.3%
0.6 1.107 0.364 -2.5% 0.026 6.3% —-0.026 3.3%
0.6 1.383 0.455 0.9% 0.033 -5.6% -0.032 -8.3%
0.6 1.660 0.546 4.7% 0.039 -1.0% -0.038 -4.4%
6.0 0.830 0.335 -7.8% 0.034 4.5% -0.067 -2.4%
6.0 1.107 0.447 -6.3% 0.046 —-4.4% -0.090 -9.2%
6.0 1.383 0.558 -2.8% 0.057 1.0% -0.112 -4.5%
6.0 1.660 0.670 3.1% 0.069 -2.7% -0.135 9.2%
9.1 0.830 0.371 -3.0% 0.043 -0.7% -0.064 —-5.6%
9.1 1.107 0.494 -4.2% 0.057 -0.4% -0.086 -8.7%
9.1 1.383 0.618 0.5% 0.071 0.2% -0.107 -0.3%
9.1 1.660 0.741 4.9% 0.085 0.4% -0.129 6.3%
avg. abs. error  AC, 4.1% AC), 4.1% AC,, 10.3%

Table 7

Validation of the Egs. (16) to (18). Deviations from wind tunnel data.
a(deg) T, AC, AC, err. ACp, ACperr. ACy AC,, err.
0.6 0.830 0.281 -7.9% 0.017 -6.4% —0.038 20.4%
0.6 1.107 0.374 -3.8% 0.022 5.9% —0.051 7.3%
0.6 1.383 0.467 -0.3% 0.028 -7.8% -0.064 —-5.0%
0.6 1.660 0.561 3.7% 0.034 -143% -0.077 -3.4%
6.0 0.830 0.331 -7.5% 0.039 38.5% -0.029 47.6%
6.0 1.107 0.441 -5.2% 0.051 11.8% —-0.038 3.7%
6.0 1.383 0.551 0.6% 0.064 12.5% —-0.048 1.4%
6.0 1.660 0.661 5.6% 0.077 7.2% -0.057 -9.6%
9.1 0.830 0.359 -5.2% 0.051 -6.1% —0.030 15.9%
9.1 1.107 0.479 -2.4% 0.068 -7.9% —-0.040 2.0%
9.1 1.383 0.599 -1.9% 0.085 -6.3% -0.050 -0.8%
9.1 1.660 0.718 3.2% 0.102 -2.3% -0.060 -3.6%
avg. abs. error  ACp 3.9% AC), 10.6% AC) 10.1%

3.7. Limitations

This study has several limitations that should be considered when
interpreting the results.

¢ Dynamic and unsteady aerodynamic derivatives were not measured;
while the observed changes in dC,, /da suggest corresponding effects
on pitch stiffness and short-period response, these were not directly
quantified and remain a topic for a dedicated investigation.

e The tests were performed at a fixed Reynolds number well below full-
scale flight conditions, consistent with the 1:12 geometric scale of the
model; while thrust-coefficient similarity was matched (Section 2.2),
the resulting Reynolds number mismatch may affect boundary layer
behavior and the transferability of absolute coefficient values to the
full-scale aircraft, even though the qualitative trends with thrust and
tail configuration are expected to hold.

¢ All tests were conducted at a single flap deflection (6; = 15°, repre-
sentative of take-off configuration); the sensitivity of the reported
stability and control derivatives to other flap settings (e.g., landing
configuration) was not investigated and warrants further testing.

¢ The considerations on longitudinal trim assume that the pitching mo-
ment coefficient can be modeled as the sum of individual and sep-
arate effects. Similarly, the assumed invariance of the neutral point
implicitly requires a static margin that is constant at any attitude, de-
pending only on the reference point location. While acceptable for
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preliminary design, experimental tests over a larger range of angles
of attack are required to validate this assumption.

Extrapolation of the present wind-tunnel results to full-scale aircraft
behavior should be made with caution, given the combined effects
of Reynolds number mismatch, the simplified propulsive frame in-
stallation (detached from the airframe), and the exclusion of direct
propulsive contributions (thrust line and propeller normal force mo-
ments) from the balance measurements, as noted in Section 2.3.

4. Conclusions

Wind-tunnel tests on a scaled 19-seat commuter aircraft model were
performed to quantify the indirect aero-propulsive effects of a leading-
edge distributed high-lift propeller system on longitudinal static stability
and control characteristics. Despite the growing body of DEP literature,
the overwhelming majority of published works focuses on lift augmen-
tation and drag penalties, leaving the pitching-moment behavior, static-
margin shifts, and elevator control authority under powered conditions
largely unaddressed. The present experimental campaign directly tar-
gets this gap, providing the first comprehensive, measurement-based
characterization of these effects for a commuter-class aircraft with alter-
native horizontal tail configurations. Two tail layouts, a conventional aft
tail and a T-tail, were investigated at a take-off flap setting over a range
of typical thrust coefficients and angles of attack. The main conclusions
are here drawn.

* DEP operation significantly increased the pitch-down moment of the
wing-body combination, with the pitching moment C,, at low angle
of attack nearly doubling from approximately —0.1 to —0.2 at full
thrust. This result demonstrates that the sole characterization of lift
and drag increments due to DEP is insufficient for aircraft design:
the concurrent and substantial modification of the pitching moment
must be accounted for to correctly assess trim, stability, and control
authority.

e The two tail configurations responded differently to the DEP-induced
slipstream, revealing that the horizontal tail position relative to the
propeller wake is a first-order design parameter that is absent from
most existing DEP design frameworks. The conventional aft tail, im-
mersed in the propwash, experienced increased local dynamic pres-
sure and reduced downwash gradient, resulting in a nearly constant
shift in static margin of 6% for all positive thrust settings, with the
neutral point estimated at approximately 52% of the mean aerody-
namic chord. The T-tail, located outside the slipstream, showed a
linear reduction in static margin with thrust coefficient, with the
neutral point moving forward at a rate of approximately 5% per unit
T,.

¢ Elevator control power dC,,/ds, approximately doubled for the
conventional tail configuration at full thrust, increasing from
—0.009deg™! at idle to approximately —0.018deg™! at T, = 1.66,
while it remained substantially unaffected by DEP operation for the
T-tail layout. This asymmetry between configurations, which would
be invisible to any analysis restricted to lift and drag, has direct con-
sequences for tail sizing and trim authority.

e The combined effect of increased stability and amplified control
power allowed the conventional tail configuration to trim the air-
craft up to a =9° for all investigated thrust levels and center-of-
gravity positions. The T-tail layout, conversely, required elevator
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deflections approaching the assumed stop value at full power and
forward center-of-gravity positions, indicating potential trim limita-
tions in low-speed DEP-powered operations that would not be antic-
ipated from lift-only assessments.

The results demonstrate that restricting DEP analysis to lift and drag
increments, as is common practice in the current literature, leads to an
incomplete and potentially misleading picture of the aero-propulsive in-
teraction. Pitching moment, static margin, and elevator control power
are all substantially affected by DEP operation, and their sensitiv-
ity to horizontal tail placement relative to the propeller slipstream is
large enough to determine whether a given configuration is trimmable
throughout its operating envelope. These findings provide experimen-
tally grounded guidance for horizontal tail sizing and placement in
commuter-class DEP aircraft, and establish a reference dataset for the
validation of higher-fidelity computational and analytical methods.

Preliminary sizing of horizontal tail for DEP-powered aircraft con-
figurations can be promptly performed with the presented model of in-
cremental effects and the derived measures of longitudinal stability and
control derivatives. Future work should experimentally assess the im-
pact of distributed propellers on the lateral-directional characteristics
of the same model, providing a complete picture of DEP influence over
commuter aircraft aerodynamics, stability, and control.
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