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TDepartment of Industrial This paper presents the power-off, lateral-directional wind tunnel tests on the fixed-
Engineering, University of Naples wing, 19-passenger aircraft model developed within the Italian PROSIB project.

Federico Il Naples 80125, Italy The concept is an innovative small air transport airplane with distributed propellers
and hybrid-electric powerplant. By measuring the aerodynamic forces and moments,
the experimental investigation focused on the estimation of the power-off stability
and control derivatives, highlighting the effects of the aerodynamic interference. Tests
included a belly-mounted pod, simulating a battery storage unit, and two distinct
empennage configurations: a body-mounted (low) horizontal tail and a T-tail (high).
Numerical analyses were also used to further highlight the role of aerodynamic inter-
ference in the generation of forces and moments. For instance, wind tunnel data have
shown a beneficial effect of the belly pod on the aircraft directional stability (+13%),
but were in contrast with the results of numerical analyses (—30%). The measured
sidewash depends also from the empennage layout, not only from the vertical tail
planform area. Simulations confirmed an excessive directional stability with respect
to the directional control in the ratio of 1.65, suggesting that such class of airplane
should have a larger rudder chord ratio or a horn balance. Combined tests at differ-
ent angles of attack and flap deflections revealed some issues on the lateral stability
of the model, which are related to the velocity circulation on the wing in high-lift con-
ditions counteracting the effective dihedral of the model's layout. The collected dataset
of aerodynamic derivatives will serve as reference for a next experimental investigation
on the aero-propulsive effects and provide useful information to researchers and pro-
fessionals involved in similar design studies.

Keywords: Experimental aerodynamics, Wind tunnel testing, Stability and control,
Sidewash, Small air transport

1 Introduction

The pursuit of energy efficiency air transport to limit the aviation impact to climate
change [1] has promoted widespread research in hybrid and electric propulsion aircraft
[2-5]. At this scope, the Italian PROSIB project was aimed at developing innovative
aircraft configurations with hybrid-electric propulsion systems. PROSIB was the first
Italian project that addresses integrated feasibility studies and the deployment of distrib-
uted hybrid/electric propulsion technology, promoting the development of the national
ecosystem ready to contribute to the technological development activities envisaged in
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H2020 and FP9. Started in 2018 and concluded in 2021, it had the primary objective
to achieve a 20% reduction in the energy consumption of regional air transport with
respect to conventional propulsion solutions existing in year 2000. The project inves-
tigated configurations for regional aircraft and rotary wing platform and architectures
for propulsion systems including distributed hybrid/electric technologies to identify the
best strategy to use the different on-board energy sources. Configuration studies have
been supported by trend analysis of the main enabling technologies and their prelimi-
nary validation through wind tunnel and lab tests. As concerns the authors’ contribu-
tions to the project, there were the assessment of technological requirements necessary
for the “electrification” of an ATR-42 class aircraft, associated critical issues and sensible
roadmap [6], as well as the development of innovative configurations for both 40- and
19-passenger platforms [7].

This paper deals with the lateral-directional wind tunnel testing of a new 19-passenger
airplane model [6, 8], representative of the Small Air Transport (SAT) category defined
in the FlightPath 2050 and ACARE documents [9, 10]. Although the global impact of the
emissions of such category is small, it is believed that the implementation of new tech-
nologies on the SAT segment will work as a bridge between experimental aircraft and
full-scale commercial aviation. In fact, SATs offer a feasible platform for demonstrating
innovative technologies more effectively than larger passenger aircraft, due to reduced
operative costs. For instance, alternative propulsion systems, initially introduced in light
aircraft, have attracted significant attention in recent years. As such, the SAT segment
serves as an ideal platform to test innovative aircraft systems, establishing best practices,
and laying technological roadmaps for larger aircraft demonstrators [11].

The wind tunnel is the primary experimental method to estimate the aircraft stabil-
ity and control characteristics since the dawn of aviation. Methods reported in manuals
and textbooks [12-14] were developed from the collection of a huge amount of wind
tunnel data on aircraft components and configurations. Some of these reports focused
on a specific aircraft or technique [15—17], while others investigated the effects of com-
ponent installation on static stability [18—23] or presented advice on test procedures,
including propulsive effects [24]. The second type of reports is of particular interest for
aircraft designers and analysts dealing with a large number of concept alternatives in
preliminary design phases. Moreover, since full-scale testing is often infeasible, numer-
ous experiments focused on the aerodynamic interactions between scaled models and
wind tunnel boundaries helped engineers to establish procedures to correct and eventu-
ally extrapolate wind tunnel data to free-flight conditions [25, 26]. The wind tunnel is,
nowadays, also used to present test cases to the research community to validate numeri-
cal methods [27-29], which will never completely replace the experimental approach,
but rather support its development and execution.

The aircraft model investigated in this work has a removable appendix installed
below the fuselage, simulating a battery storage unit. The effects of external storage
on the aircraft aerodynamics and static stability were investigated by several authors,
especially on high-speed fighter aircraft [30-32]. The experiments were focused on
the best position of an external pylon-mounted pod on either the wing or the fuse-
lage. To the authors’ best knowledge, there are few available data on the effects of
pods integrated within the fuselage belly, although such an arrangement is not
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unusual in hybrid-electric aircraft concepts, like the Heart Aerospace ES-30 [33] or
the Ampaire Eco Caravan [34], as well as in conventional designs like the Cessna 208
Grand Caravan. A patent for a removable cargo pod for light aircraft was obtained by
Shelton [35] in 2009. That document reports claims as easy installation and removal,
eliminating its weight and drag when not needed, but no useful data on the impact
of the aircraft stability are presented. More recently, Moonan [36] investigated the
aerodynamics of a belly storage for the NASA MAPIR project, which was installed
below a Piper Navajo aircraft. The preliminary predictions performed with simplified
numerical analyses were invalid as flight tests provided totally different data, thus the
necessity of an experimental investigation on complex aerodynamic systems.

As concerns the aerodynamic interference of the wing-body on the empennage,
many reports were focused on a specific aircraft, while a few others like [23] inves-
tigated different wing—tail arrangements. As concerns longitudinal stability, the
concept of downwash is well known. A method for the estimation of the downwash
gradient was developed by Silverstein and Katzoff [37] and expanded in the USAF
DATCOM manual [13]. The approach provides a decreasing downwash gradient with
the tail distance from the wing (both longitudinally and vertically), regardless of the
tail blanketing due to the wing wake in some regions. This effect, particularly dan-
gerous for aircraft with swept wings installed in the lower part of the fuselage and
horizontal tailplanes mounted at height on the vertical tailplane, was highlighted by
Spreemann [38].

Lateral-directional dynamics is usually more complicated because of the asymmetric
flow involved. The effectiveness of a vertical tail — providing directional stability and
control in sideslip — is dependent on a variety of factors arising from the mutual aero-
dynamic interference among the aircraft components. The wing-body interference on
the tailplane in sideslip flow is known as sidewash [39]. Both the dynamic pressure and
local angle of attack at the vertical tailplane are altered by the wing-body system, largely
because of their relative vertical position and, in a lesser quantity, by the wing planform
parameters. Sidewash can be measured by wake surveys or estimated from aerodynamic
sideforce or yawing moment measurements [15, 19, 23, 39—43]. Although the vortex sys-
tem developed in sideslip flow is more complicated to model than that of the longitu-
dinal case, the relatively small dependence from the aircraft angle of attack and Mach
number made it possible to develop an empirical method valid for subsonic flow [13].
Apart from the sidewash, body-tail (wing-off) combinations do alter the sideforce gener-
ated by the vertical tail because of the end-plate effect [15, 18—22, 27], which boosts the
vertical tail lift gradient as its effective aspect ratio was larger.

This paper presents the second experimental test campaign on the PROSIB 19-pas-
senger aircraft model [8] to evaluate its power-off lateral-directional stability and
control characteristics. A rendering of the concept is shown in Fig. 1. Nacelle and pro-
pellers have not been investigated yet. A removable pod to simulate battery storage
was installed below the fuselage. The full-scale storage would have a useful volume
of about 4 m3, 40% of which occupied by the battery with a mass of about 1500 kg,
including casing, cables, and internal electronics. The remainder of the volume would
be shared by the thermal and power management systems. Moreover, the project con-
sortium required an experimental comparison between a body-mounted horizontal
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Fig. 1 Rendering of the PROSIB 19-pax concept

tail vs. a T-tail configuration. The latter was designed such to keep the same direc-
tional stability of the former [27, 44], but with a smaller vertical tail planform area
and aspect ratio.

Therefore, the purpose of this paper is to characterize the lateral-directional stability
and control of a generic model of hybrid-electric SAT aircraft with a conventional tube-

and-wing layout. The objectives are here resumed:

« establish a dataset of power-off aerodynamic derivatives;
+ compare two tailplanes to identify the best configuration layout;
+ provide insights on the effect of the belly-mounted pod.

These will serve as reference for the powered wind tunnel tests to evaluate the aero-pro-
pulsive effects due to distributed propulsion. At the same time, researchers working on
similar aircraft configurations can benchmark the characteristics of their concepts with
the experimental data here presented.

The authors highlight that their work is focused on a model that is representative of the
SAT category, not a specific aircraft. It may be argued that the preliminary design and analy-
sis of any aircraft can be rapidly made with semi-empirical methods. However, it has already
been shown by the authors [27] that such methods were derived from wind tunnel data on
aircraft geometries quite different from today in-service airplanes and that different methods
can lead to a large scatter in the evaluation of aerodynamic derivatives, even on a standard
tube-and-wing configuration. Therefore, the authors are confident that this work will be a
valuable source of data on the aerodynamic interference, stability and control characteris-
tics of the 19-seater class, which is not directly represented in the publicly available semi-
empirical methods. At this scope, a direct comparison between the conventional and T-tail
empennage configurations, which are the most common layouts, has been made. Moreover,
the aerodynamic interference data here presented on a belly pod integrated in the fuselage,
which can be used as a cargo or energy storage, are missing in the public literature. Finally,
the experimental investigation highlighted a combined effect of high-lift devices, sideslip
angle, and angle of attack that is detrimental to lateral stability and, to the authors’ best
knowledge, is not clearly presented in literature. All these considerations and data will help
enabling the SAT segment as a platform demonstrator for the next aviation technologies.
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Fig. 2 Subsonic wind tunnel layout. Units in meters. Flow runs in clockwise direction

The remainder of the paper is structured as follows. Section 2 describes the wind tun-
nel facility, the instrumentation, the aircraft model, and the setup of the wind tunnel
runs. Section 3 discusses the results of the tests, highlighting the effects of aerodynamic
interference and providing an estimation of aircraft stability and control characteristics,
with a focus on the influence of the pod and tail effectiveness in different configurations.
Section 4 draws the conclusions of the work.

2 Wind tunnel setup

2.1 Experimental facility and equipment

The tests have been performed in the main subsonic wind tunnel facility of the Depart-
ment of Industrial Engineering of the University of Naples “Federico II" It is a closed-
return, closed-test section tunnel operating at subsonic speeds. The test section
(segment A-B in Fig. 2) has a tempered rectangular shape of 2.0 m width and 1.4 m
height. With a maximum power of about 150 kW, the flow speed in the test section
can reach a value of 50 m/s. The average turbulence intensity at the test section inlet is
0.10%. The measurement equipment includes:

« lateral-directional strain gauge balance;
« wall-mounted pressure transducers;

+ potentiometer measuring sideslip angle;
+ temperature probe.

An internal strain-gauge balance, made in-house with 2024-T3 aluminum alloy, was
used to measure the sideforce, yawing moment, and rolling moment. The accuracy and
range of the measurement instruments are reported in Table 1. The directional attitude
control was manually moved through a gear mechanism connected to a toothed wheel
using a chain. This entire setup is located beneath the floor of the test chamber. Rotating
the toothed wheel enabled the model to turn in the test section, thereby changing the
sideslip angle.
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2.2 Data acquisition system
The instrumentation for data acquisition and control included:

+ A National Instruments USB-6341 device to acquire voltage signals from the sensors;
+ A desktop PC with Windows 10 connected to the aforementioned device via USB;
« A LabVIEW virtual instrument to perform live measurements.

The virtual instrument was developed by the authors for the lateral-directional wind
tunnel test campaign. The application established communication channels with the
data acquisition board to get the analog signals of lateral-directional force and moments,
angle of sideslip, temperature, and dynamic pressure.

To initialize the data acquisition process, a calibration matrix was loaded, along with
parameters tailored to the aircraft model and wind tunnel characteristics. All the sig-
nals were acquired at a rate of 1000 Hz and averaged on 1000 samples. The measure-
ments from the strain gauge balance and pressure transducers were taken with respect
to a reference value, which was acquired at the start of each run with wind tunnel off.
The potentiometer and temperature sensors had their internal calibration with their own
reference voltage and did not need to be zeroed.

Standard aerodynamic coefficients have been used to normalize all aerodynamic
forces. These coefficients were calculated based on reference parameters: the test section
dynamic pressure 9o, the wing span b, and the wing planform area S. The Reynolds
number was determined with respect to the mean aerodynamic chord. At the flow speed
of 20 m/s, the Reynolds number was about 430000. Wind tunnel corrections have been
incorporated in the LabVIEW virtual instrument under the procedure outlined in the
Appendix of a previous paper [8].

2.3 Aircraft model description

The aircraft experimental model was the same of Ref. [8]. It was entirely made in alu-
minum alloy by CNC manufacturing, except for the battery pod, which was made with
ABS in additive manufacturing. A three-view drawing is provided in Fig. 3. The scale
of the model was 1:15, with a wing planform area of 0.25 m* and a mean aerodynamic
chord of 0.171 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 manufacturing and detailed design of the fittings were outsourced. The fuselage was
sufficiently large to install the strain gauge balance inside. The tailplane group could be
entirely removed from the fuselage.

Two tail configurations were realized: a body-mounted horizontal tail and a T-tail. The
latter was designed with the VeDSC method [27] to provide the same directional stabil-
ity of the former, exploiting the end-plate effect [20]. Under this assumption, the T-tail
configuration was sized with about 13% less vertical tail planform area. The two configu-
rations are compared in Fig. 4 and their differences are detailed in Table 2. The aerody-
namics of the two empennage groups are discussed in the next sections. Figure 5 shows
pictures of the aircraft model with the different tail configurations. Figure 6 shows an
example of flap and rudder deflections.
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Table 1 Instruments'range of measurement and accuracy

Instrument/axis Full-scale output Max error
Sideforce +20 kgf 0.10%
Yawing moment +20 kgf-m 0.10%
Rolling moment +20 kgf-m 0.10%
Pressure transducer 2500 Pa 0.12%
Potentiometer +20° 0.20%
Temperature sensor -50°to 150° +1.0°
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Fig. 3 Aircraft model drawings. Units in mm

2.4 Test matrix
The nomenclature indicating each aircraft model component is reported in Table 3. Each
combination of symbols defines the buildup of aircraft components. Underscores sepa-
rate the configuration layout from the movables deflection: flap and rudder. For instance,
WBHVt_F15_R20 defines the configuration made up of wing, fuselage, horizontal and
vertical planes in T-tail layout, with flap deflected by 15° and rudder deflected by 20°.
The list of the tested configurations is reported in Table 4. This is not the sequence of
the tests, but rather a synoptic view of the combinations investigated. In each run, the
model was rotated at different sideslip angles, but at constant angles of attack and mova-
bles deflection. The total number of tests was more than 80, including the effects of the
angle of attack and the deflections of flaps and rudder. Preliminary tests were made to
install trip strips to force the flow transition near the lifting surfaces’ leading edges and

to evaluate repeatability. These are not included in the table.
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Fig. 4 Comparison of two tailplane configurations: a body-mounted; b T-tail. Units in mm

Table 2 Comparison of the two horizontal tailplanes’data

Parameter Body-mounted T-Tail

Root chord 123 mm 102 mm
Tip chord 87 mm 77 mm
Span 469 mm 422 mm
Leading edge sweep angle 15° 15°
Planform area 49 245 mm? 37 769 mm?
Aspect ratio 447 4.72

Taper ratio 0.71 0.75
Longitudinal distance from ref. point 560 mm 571 mm
Volume tail coefficient 0.645 0.505

3 Results and discussion

The scope of the wind tunnel runs was to acquire the lateral-directional force and
moments in a variety of conditions. The results are here presented with the standard
aerodynamic coefficients of sideforce Cy, yawing moment Cy, and rolling moment C
vs. the sideslip angle 8. To evaluate directional and lateral stabilities, the derivatives of
the moment coefficients were estimated with a linear regression on the aerodynamic
coefficients up to 8° of sideslip angle. The rudder control power was estimated as the
leap between the curves with and without the rudder deflected, both at zero sideslip.
Details will be given in the following sections. The adopted coordinate system is a body
reference frame with the origin at the point P indicated in Fig. 7, which is at 25% chord
length aft and 20% chord length below the wing root leading edge. With this coordinate
system, the criteria for lateral-directional stability are:

C/\/ﬁ>0, C£ﬂ<0.

Repeatability tests have shown relative accuracy of the measurements of 1.2% for the
Cy, 2.4% for the Cys, and 3.2% for the C,. It is here remarked that the longitudinal tests
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@

Fig. 5 The two tail configurations in the test section: a perspective of the body-mounted tail layout; b
perspective of the T-tail layout; ¢ side view of the body-mounted tail layout with pod; d side view of the T-tail
layout with pod

K0
Fig.6 Example of movables deflection: a flap; b rudder

with results on the lift, drag, and pitching moment coefficients were assessed by the
authors in Ref. [8] and that those results will not be discussed here.

3.1 Body, wing-body and wing-body-pod combinations

These are the combinations with tail off. The effects of the flaps and angle of attack are
not discussed in this section. The charts of sideforce, yawing moment, and rolling
moment coefficients are reported in Fig. 8. As expected, the sideforce coefficient was
negative for all the combinations at positive angles of sideslip, whereas the yawing
moment coefficient was negative because the unstable directional behaviour of the tail-
off configurations. Finally, the sign of the rolling moment coefficient was positive for the
fuselage alone, whereas it was negative for the wing-body combinations, since the high-
wing layout provided lateral stability. The addition of components has determined an
increase of the magnitude of the sideforce curve slope Cy, by 66% from the body to the
wing-body and by a further 84% to the wing-body-pod. Conversely, the addition of the
wing and pod did not have a disruptive change of the directional stability derivative Cyy,.
The installation of the pod decreased the magnitude of wing-body Cn; by 13%, while it
was neutral for the lateral stability derivative C,,. Table 5 reports the aerodynamic
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Table 3 Nomenclature for aircraft components

Symbol Description

W Wing

B Body (i.e., fuselage)

H Horizontal tail

P Battery pod

Vb Vertical tail (for body-mounted horizontal)
Vit Vertical tail (for T-tail horizontal)

_ Separator for movables

F Flap

R Rudder

Table 4 Test matrix. All the configurations were tested by sweeping the sideslip angle 8

Flap 8¢ Rudder §, Angle of
attack o
Configuration 0° 15° 30° 0° +10° +20° 0° 5°
B v v
BVb v v
BVt v v
BHVb v v v
BHVt v v v
WB v v v v 4
WBP v v
WBVb v v v
WBVt v v v
WBHVb v v v v v v v v
WBHVt v v v v v v v 4
WBPHVb v v v
WBPHVt v v v

A check mark indicates that the configuration was tested with those angle of attack, flap deflection, and rudder deflection,
but not necessarily with a combination of them

derivatives for the investigated group. Further details on the effects of the pod are given
in Section 3.4.

3.2 Effect of the tailplane on the wing-off combinations

By adding the vertical and horizontal tailplanes on the fuselage, the aerodynamic coeffi-
cients changed as shown in Fig. 9. The isolated body curves are reported for comparison.
The vertical tailplane significantly increased the magnitude of all the aerodynamic coef-
ficients, whereas the horizontal tailplane provided minor changes. The sideforce curve
slope increased more than four times. Directional stability was introduced with the ver-
tical tail, providing Cx;, = 0.0017 deg™! for the slender planform BVb and C Ny = 0.0013
deg™ for the shorter planform BVt. The addition of the horizontal tail on the body did
not alter the yawing moment coefficient derivative of the slender vertical tail (BHVb
combination), whereas the installation of the top horizontal plane on the shorter vertical
tail (BHVt combination) increased that derivative to the same value of the other tail. The
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Fig. 7 Reference frame with indications on the positive sign of forces and moments
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Fig. 8 Body, wing-body, and wing-body-pod combinations: a sideforce coefficient; b yawing moment
coefficient; ¢ rolling moment coefficient

application of the VeDSC method [27] to size the T-tail was fruitful. The smaller vertical
planform of the T-tail configuration provided the same directional stability derivative of
the larger and slender vertical tail with body-mounted horizontal plane.

At the same time, the tailplane group added lateral stability to the isolated body within
a moderate range of sideslip angle, say up to 14°. With respect to the body-vertical (BV)
configurations, the effect of the horizontal planes was to increase the magnitude of the
lateral stability derivative C., for the T-tail configuration (BHVt) and decrease it for

Page 11 of 31
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the body-mounted configuration (BHVDb). In particular, the BVt configuration had the
lowest value of the lateral stability derivative, while the BHVt had the maximum value.
Table 6 reports the aerodynamic derivatives for this investigation.

3.3 Effect of the wing-body on the tailplane

The high-wing plus body-tail combination, with or without the horizontal plane, is
known to decrease the directional stability of the configuration [15, 18, 19, 23]. Test data
have shown that the body-mounted tail had the strongest sideforce and yawing moment
aerodynamic derivatives, whereas the T-tail significantly increased the rolling moment
coefficient derivative, increasing the lateral stability derivative as highlighted in the pre-
vious section. The aerodynamic coefficients for the wing-on combinations, with and
without tailplane, are shown in Fig. 10. Table 7 reports the aerodynamic derivatives for
these configurations.

3.4 Effect of the pod
The belly-mounted pod was initially expected to slightly decrease the directional stabil-
ity of the model, due to the larger side area. Instead, in Section 3.1 it was asserted that
the pod provided a 13% reduction of wing-body directional instability. Given the model
high-wing layout, it was reasonable to affirm that the effect of the pod was completely
captured by the wing-body investigation. No further mutual aerodynamic interference
could arise with tailplane. To validate this statement, the complete aircraft was inves-
tigated also with the pod installed. Results are reported in Fig. 11. The pod increased
the slope of the sideforce curve by about 30%, the slope of the yawing moment curve by
about 15%, and it did not affect the rolling moment curve. Directional and lateral stabil-
ity on the complete aircraft model were affected with the same ratio of the wing-body.

The stabilizing effect of the pod on the wing-body directional motion was unexpected.
Semi-empirical methods reported in [12, 13] do not account for protuberances of the
fuselage cross-sections, and therefore they would not predict any change in wing-body
directional stability due to the integrated belly pod located at a longitudinal station
close to the fuselage center of mass. The strip method by Multhopp [45] would predict
an increase of the instability of the fuselage alone, since that method is based on the
sum of the square of the height of each strip in which the fuselage side view has been
divided. The presence of the integrated belly pod, considered as an extension of the fuse-
lage cross-section, would increase the local strips’” height, increasing the magnitude of
the Cp,-

To examine in depth the specific cause of the favorable contribution of the pod,
numerical analyses were performed on the aircraft model in a steady, incompressible,
fully-turbulent flow (Spalart-Allmaras model) with Simcenter STAR-CCM+. The mesh

Table 5 Tail-off stability derivatives. Units in deg™

Configuration Cy, Cng Cey
B -0.0021 -0.0008 0.00008
WB -0.0035 —-0.0008 -0.00015

WBP -0.0064 -0.0007 -0.00015
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Fig. 9 Body, body-vertical, and body-horizontal-vertical combinations: a sideforce coefficient; b yawing
moment coefficient; ¢ rolling moment coefficient

was made up of about 8 to 11 million polyhedral cells (according to the investigated con-
figuration) and 20 prism layers on the aircraft surfaces to account for the boundary layer.
The mesh is shown in Fig. 12. Refinements were made on the wing-body junction and on
sharp curvatures such as the edges of the lifting surfaces. The simulations were useful to
evaluate those aerodynamic interference effects that were impossible to disclose with the
wind tunnel balance only.

Wind tunnel data with and without tailplane were consistent, i.e., the directional sta-
bility in presence of the pod increased for all the tested combinations. Also, care was
given on the installation of the pod to avoid contact with the support structure. How-
ever, the results of the numerical analyses gave an opposite trend. The application of the
pod increased the magnitude of the yawing moment coefficient of the WB configura-
tion by about 30%. Several runs were made to capture a possible effect of the support
interference, which passed through the belly pod. Simulations were performed with the
aircraft model in free-air with and without the model’s support and also with the wind
tunnel walls with and without the model’s support. In all the cases, the presence of the
sting did not significantly altered the value of the yawing moment coefficient (about 1%),
while the presence of the wind tunnel walls increased this value by about 7%. This is in
agreement with the wind tunnel corrections, where the measured dynamic pressure is
increased by 9% due to wall effects.

Figure 13 shows a comparison between the pressure distribution (with respect to the
reference value of 101325 Pa) for the WB and WBP configurations with both model
support and tunnel walls simulated at 8 = 6°. The flow expansion on the downwind
side of the pod is apparent. Therefore, there must be some interference effects that are
not captured by the numerical analyses. Although wind tunnel data should validate
the results of the numerical analyses and not vice versa, since the two methods gave
opposite trends, it is better to avoid a definitive conclusion on the interference effect
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of the pod. Further investigations in the wind tunnel with a different system of meas-

urements are needed.

3.5 Estimation of the sidewash effect

The aerodynamic interference of the wing-body on the tailplane in sideslip is known
as sidewash effect, similarly to the downwash defined in the longitudinal plane. The
sidewash effect is a measure of the effectiveness of the vertical stabilizer in generating
sideforce or yawing moment, since the local sideslip angle in the region of the vertical
tail is altered by the wing-body system. The angle of attack of the vertical surface is
not 8 as it was undisturbed, but rather 8 — o, with o being the sidewash angle. It has
been shown that the quantity of interest for the directional stability evaluation is the
sidewash gradient do/dB [15, 23]. The measurement of the sidewash gradient in the
wind tunnel can be done analogously as the downwash case [8, 23], by combining the
aerodynamic derivatives of sideforce [23] or yawing moment coefficients [15] meas-
ured on different configurations with and without horizontal tail. The formulations
are similar:

(CYﬂ'V )WBV
—
av (1 _ da) _ Sowey — e, 1)
goo dp CYﬁ,BV - CYﬂ,B
————

(CyﬂvV)Bv

(CY/S'V)WBHV
——
qv (1 do > _ CYﬁ,WBHV - CY,B,\X/B .

- = ; 2
(/Ioo dﬁ CYﬁ,BHV - CYﬂ,B ( )
————

(Cyﬁ Vv )BHV

(CN BV )WBV

—_——~
v (1 dU) _ SNpwsy — CNpws

g B @ B CNﬁ,BV _CNﬁ,B ’ ®
———————

(CN BV )BV

Table 6 Wing-off stability derivatives. Units in deg™'

Configuration Cy, CNg Cey

B -0.0021 -0.0008 0.00008

BVb -0.0102 0.0017 -0.00034
BVt -0.0088 0.0013 -0.00022
BHVb -0.0101 0.0017 -0.00027
BHVt -0.0101 0.0017 -0.00046

Page 14 of 31



Ciliberti and Nicolosi Advances in Aerodynamics (2025) 7:3

—-—WB -~ WB
o~ WBVt < o~ WBVt
- WBVbH © -~ WBVb
—— WBHVt —— WBHVt
—x—WBHVb -x~WBHVb

—-o—WB
—o-WBVt
—2—WBVb
—— WBHVt
—x-WBHVb

—0.005
I
)

—0.010

0.015

—0.020

£ (deg)

©)
Fig. 10 Wing-body-tail combinations: a sideforce coefficient; b yawing moment coefficient; c rolling
moment coefficient

(CN BY )\X/BHV

av. <1 do) ~ Cnpweny = CNpwe |

—— | = ; 4
oo dp CNﬁ,BHV - CN/S,B @)
N—— —

(CN BV )BHV

where Egs. (1) and (2) are the estimation of the vertical tail effectiveness in sideslip on
the sideforce without and with the horizontal tail, respectively, whereas Eqgs. (3) and
(4) are similar expressions based on the yawing moment coefficient derivatives. The
ratio qv/4d is the dynamic pressure ratio at the vertical tail, which cannot be directly
measured without a dedicated probe. The application of the above formulas gave the
results reported in Table 8. All these wind tunnel runs were made at an angle of attack
a = 0°. The effectiveness of the vertical surface was slightly larger for the smaller verti-
cal tail without horizontal plane (Vt configuration). This is in contrast with the method
reported in [13], where the effectiveness of the vertical tail in sideslip increases with its
planform area and does not depend from the presence of the horizontal tail. Conversely,
the installation of the horizontal surface made the body-mounted configuration Vb

Table 7 Wing-body-tail stability derivatives. Units in deg™'

Configuration Cy, CNg Cey

WB -0.0035 -0.0008 -0.00015
WBVb -0.0103 0.0013 —0.00051
WBVt -0.0093 0.0009 -0.00043
WBHVb -0.0104 0.0013 -0.00030

WBHVt -0.0100 0.0012 -0.00058
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Fig. 11 Effect of the pod on the complete aircraft: a sideforce coefficient; b yawing moment coefficient; ¢
rolling moment coefficient

Fig. 12 The mesh on the WBP configuration for the numerical analyses

more effective than the T-tail layout. This was attributed to a stronger body-tail end-
plate effect, whereas the sidewash angle induced by the wing-body system should be the
same for both configurations. The sidewash gradient do/d g, which is with good approxi-
mation the complement to one of the vertical tail effectiveness in sideslip estimated with
Egs. (1) to (4), is about 0.15 for all the combinations.

The effect of sidewash is illustrated in Fig. 14, where numerical analyses allowed the illus-
tration of the velocity vectors in two planes at the wing and the vertical tail. The WBHVb
and the BHVD configurations at 8 = 6° are compared. The induction of the wingtip vortex
on the vertical tail flow field is apparent. The flowfield at the vertical tail is curved down-
stream due to the wing-body sidewash.
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(b
Fig. 13 Pressure distribution on the wing-body configuration simulated with the wind tunnel walls at
B = 6° a without pod; b with pod

3.6 Estimation of rudder control power
The evaluation of rudder control power was made with the difference between the aerody-
namic curves with and without the rudder deflected, both at zero sideslip:

C =0%4;) — C =6,=0°
G, = CH =080 o N (B ) 5

Similarly, the lateral cross-control derivative was estimated as:

Ce(B=0%68;) — Ce(B=6,=0°
C., = CetB=0") s £ (8 ) ©

The evaluation of the sideforce derivative Cy; is omitted, since Egs. (5) and (6) directly
provide the directional control and lateral cross-control powers. The aerodynamic curves
are drawn in Fig. 15. As expected, the deflection of the rudder did not affect the slope of the
curves, but provided their translation on the ordinate axis. A non-linear trend appeared at
low sideslip angles and small rudder deflections, especially on the body-mounted configu-
ration. The results of the application of Egs. (5) and (6) are shown in Table 9. The directional
control power for the body-mounted tail was about 10% larger than that of the T-tail. This
was attributed to the larger surface of the former. The VeDSC method [27], by which these
geometries were generated, guaranteed almost the same directional stability. The lateral
cross-control power was very small, but stronger for the T-tail configuration.

From the data of the previous tables, the rudder effectiveness t = d8/d§, was evalu-
ated as:
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_ N
t= ’ 7)
CNﬂ,tail»on - CNg,tail»off B=0°

where the quantity at the denominator is an estimation of the vertical tail contribution to
the directional stability derivative, Cp, ,. For both tail configurations, the rudder effec-
tiveness was about 0.53 at §, = 10° and 0.43 at §, = 20°. The similar values between the
two configurations indicate that both rudder control power Cy; and vertical tail contri-
bution to directional stability Cy, , are equally scaled despite the different tail layouts.

The aerodynamics of the rudder is a well-known topic, where the deflection of the
directional control surface generates a local sideslip flow that generates a lower pres-
sure, and hence a sideforce, on the vertical tail in the direction opposite to its rotation.
Conversely, when the entire aircraft is in sideslip, the flowfield is completely different.
Figure 16 shows the pressure distribution calculated with the numerical analyses for the
above mentioned cases. Streamlines are also visible, highlighting the different paths of
the flow particles around the vertical tail. As concerns the stability and control deriva-
tives, the numerical results are in good agreement with wind tunnel data, with a differ-
ence of about 10%.

As concerns directional stability and control, a comment must be made on the equilib-
rium sideslip angles, which are found as the zero crossing of the Cy curves in Fig. 15b.
For instance, at § = 20°, the value 8 &~ 12° can be found. This means that larger sideslip
angles could not be sustained by either tail configurations. The rudder chord ratio of
25% appears insufficient to generate the necessary control power to keep the directional
equilibrium in strong cross-wind conditions. This was initially attributed to the limited
Reynolds number achievable in our wind tunnel, but numerical analyses have shown no
significant differences between the results at Reynolds numbers of 0.4 million (wind tun-
nel value) and 7.5 million (possible full-scale value). Generally speaking, a figure of merit
to assess directional controllability with respect to stability is the ratio between their
derivatives. As a rule of thumb, it is appropriate that Crr,/Ca;, < 1 to achieve equilib-
rium at large sideslip angles. The aircraft model has a value of about 1.65, indicating an
excessive directional stability with respect to rudder control power.

3.7 Combined effects of angles of attack and sideslip
The combined effects of the angles of attack « and sideslip B are shown in Fig. 17 for
both WB and WBHYV configurations. The model was investigated at « = 0° and 5°. The
sideforce coefficient was negligibly affected by the angle of attack. However, the moment
coefficients were altered, indicating that the free couples on the wing-body were changed
due to the combined effects of both attitude angles. The slope of the yawing moment
curves changed so that the wing-body at @ = 5° was less unstable than at « = 0°, with
the magnitude of Cp; decreased by about 28%. Similarly, the complete aircraft with
body-mounted tail (WBHVb) had the directional stability derivative increased by 11%.
Conversely, Cx;, was practically unaffected on the T-tail configuration (WBHVt). Refer-
ences [13, 18, 46] did not observed significant changes of the yawing moment coefficient
with the angle of attack.

As concerns the rolling moment, the WB combination became laterally unstable at
low angles of sideslip and « = 5°. The dihedral effect due to the high-wing layout was
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lost. Lateral stability at low sideslip angles was reintroduced with the contribution of the
empennage. The body-mounted horizontal plane slightly improved the situation, restor-
ing a small negative value of C,,. The T-tail configuration had certainly a larger ben-
eficial effect at o = 5°, but anyway lost some lateral stability with respect to the case at
zero angle of attack, achieving values close to those of the body-mounted configuration
at o = 0°. References [13, 18] did not show effects of the angle of attack on the rolling
moment coefficient.

Also other combinations were investigated at angle of attack, although their charts
have not been reported for the sake of brevity. Test data were sufficient to estimate the
vertical tail effectiveness (sidewash) at « = 5° with horizontal tail on. Table 10 reports
the results of the application of Eqgs. (2) and (4) and a comparison for the two angles of
attack. Both approaches — with sideforce and with yawing moment coefficients — gave
an increase of vertical tail effectiveness (reduction of sidewash effect) with the body-
mounted tail at angle of attack. Conversely, a reduction was measured with the T-tail
configuration.

3.8 Combined effects of flaps and angle of sideslip at different angles of attack

Three different flap deflections have been investigated: the clean configuration §; = 0°,
the take-off configuration §f = 15°, and the landing configuration §; = 30°. Results have
been reported in Fig. 18 for the WB combination and in Fig. 19 for the WBHYV combina-
tion. The effects of flap were negligible on the sideforce coefficients for all the configura-
tions and angles of attack.

The directional stability derivative was not significantly altered by the flap deflec-
tion, especially for the WB combination at low angles of sideslip. The angle of attack,
as shown in the previous section, reduced the magnitude of directional instability of
the wing-body. The complete aircraft has shown a similar behaviour, with the deflec-
tion of the flaps reducing the directional stability derivative at moderate and large angles
of sideslip. At o = 5°, the yawing moment coefficient curves were more linear than at
a = 0° The yawing moment coefficient achieved larger values at higher attitudes and the
body-mounted tail configuration performed best, as expected from the previous results.

Conversely, the deflection of the flaps counteracted the lateral stability of the high-
wing layout, amplifying a behaviour that was highlighted in the previous section, i.e.,
that the wing-body and the complete aircraft with body-mounted tail at angle of attack
were laterally unstable. The effect of the flap was to introduce a significant amount of
lateral instability for both wing-body and complete aircraft. Even the T-tail configura-
tion was affected, with poor lateral stability at low angles of sideslip for ; = 0°, mild and
large instability for 6 = 15° and §f = 30°, respectively. This effect was not anticipated,

Table 8 Vertical tail effectiveness in sideslip

Application Hor. tail off Hor. tail on
Sideforce, Vb 0.845 0.864
Sideforce, Vt 0.862 0.818
Yawing moment, Vb 0.830 0.853

Yawing moment, Vt 0.849 0.811
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Fig. 14 Velocity vectors showing the wingtip vortex induction on the vertical tail in sideslip: a wing-on; b
wing-off. The relative magnitude of the tailplane vectors has been increased for the sake of clarity
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Fig. 15 Complete aircraft in sideslip with different rudder deflections: a sideforce coefficient; b yawing
moment coefficient; ¢ rolling moment coefficient

since the derivative Cr, should not be severely affected for straight wings with flap
deflected [12]. Test data have shown that lateral instability may arise also at large side-
slip angles and the situation is expected to worsen at larger angles of attack, highlight-
ing the necessity of a careful selection of the aircraft configuration layout, especially the
effective dihedral for lateral control in critical situations, such as cross-wind landings.
Tables 11 and 12 report the values of the aerodynamic derivatives for the configurations
described in this section.

It may be argued that the detrimental results on the lateral stability were due to the
chosen reference point, which is quite high with respect to the fuselage. For this rea-
son, the rolling characteristics were evaluated again at different reference positions,
as shown in Fig. 20. The first position is the reference point for the moments applied
in the previous discussion. The other two are downward translations of the first one.
The new evaluation has been done on the wing-body configuration at different flap
deflections and angles of attack. Figure 21 shows that, despite the change of reference
point position, the rolling characteristics with flap deflected were still unsatisfactory
for most of the wind tunnel runs, with the C, positive until 8 ~ 8°, and then a slope
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change followed. The specific cause of this behaviour is still unknown and it is worth
of a dedicated investigation.

Once the reference point was removed as the probable cause of the unsatisfactory
lateral stability of the aircraft model, numerical analyses were performed on the WB
configurations at different flap deflections and angles of attack. Both the simulations
and the previously presented wind tunnel data showed a decrease of lateral stability
with increasing lift coefficient, for any combination of flap setting and angle of attack.
Numerical and experimental values of the rolling moment coefficient derivative were
in good agreement, diverging only at high values of the lift coefficient. These values
were expected to be poorly affected by the lift force [18, 46].

A comparison has been made between the numerical and experimental data of the
WB configuration discussed in this paper with those reported in Ref. [46] for a wing-
body made up of an ellipsoid (slenderness ratio: 7) with a rectangular wing (aspect
ratio: 5). Further details on this geometry are not available, so it was assumed that the
rolling moment coefficient presented in [46] was normalized with the wing area and
span and evaluated about the body symmetry axis. To make a fair comparison, results
of our WB configuration were evaluated at reference point 2. Figure 22 shows the roll
stability derivative vs. the lift coefficient for the above mentioned configurations. It
appears that, despite the high-wing layout, our model had poor lateral stability even
at low values of the lift coefficient. The effective dihedral generated by the relative
wing-body position was insufficient.

The numerical simulation provided insights on the causes that led to the lateral
instability of the configuration. In Fig 23, numerical results of the contributions of
wing (and flaps where deployed) and fuselage to the rolling moment coefficient deriv-
ative are shown. Both increase with the lift coefficient. However, numerical simula-
tions have also shown that the wing center of pressure, initially located on the upwind
side of the wing at low values of the lift coefficient, moved towards the symmetry
plane and to the downwind side of the wing with the increase of the lift coefficient.
This has been attributed to the circulation of the flow on the wing that becomes much
stronger than the effect of the lateral velocity component, restoring the symmetry
of the aerodynamic loading and moving the resultant of the lift forces towards the
downwind side. The wing loading has been represented with the distribution of pres-
sure coefficient defined as:

Table 9 Stability and control derivatives at different rudder deflections. Derivatives in deg™

Body-mounted tail T-tail
8¢ —20° 0° 10° 20° —20° 0° 10° 20°
(@YA 0.0184 0.0000 -0.0114 -0.0183 0.0167 0.0002 -0.0101 -0.0169
N 0.0015 0.0013 0.0013 0.0013 0.0013 0.0012 0.0012 0.0013
Cns, -0.0009 na. -0.0011 -0.0009 —-0.0008 n.a. -0.0010 -0.0009
Ce, -0.0015 0.0009 0.0024 0.0033 -0.0027 0.0007 0.0028 0.0042
Cey -0.0004 -0.0003 -0.0003 -0.0004 -0.0006 -0.0006 -0.0006 -0.0006

Ces, 0.0001 na. 0.0002 0.0001 0.0002 na. 0.0002 0.0002
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Fig. 16 Pressure distribution on the aircraft model: a with rudder deflected and no sideslip §; = 20°, B = 0°;
b without rudder deflected and the entire model in sideslip §; = 0°, 8 = —6°
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Table 10 Vertical tail effectiveness in sideslip at two angles of attack and with horizontal tail on

Application o =0° o =5°
Sideforce, Vb 0.864 0.882
Sideforce, Vt 0.818 0.795
Yawing moment, Vb 0.853 0.855
Yawing moment, Vt 0811 0.785

where p is the local value of the static pressure, whereas p, and g are respectively the
reference values of the static and dynamic pressure at the farfield. Figure 24 shows the
C, distributions on the WB configuration for the lowest and highest values of the lift
coefficient, that is where the model had respectively the maximum and minimum lat-
eral stability. The center of wing aerodynamic loads has also been indicated. Although
its displacement was small, it can be observed that at high lift the center of loads moved

backward and to the left.
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Fig. 18 Wing-body in sideslip at different angles of attack and flap deflections: a sideforce coefficient at
a = 0° b sideforce coefficient at & = 5°; ¢ yawing moment coefficient at &« = 0° d yawing moment
coefficient at & = 5°; e rolling moment coefficient at & = 0°; f rolling moment coefficient at & = 5°
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Fig. 19 Complete aircraft in sideslip at different angles of attack and flap deflections: a sideforce coefficient
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coefficient at @ = 5°; e) rolling moment coefficient at @ = 0°; (f) rolling moment coefficient at ¢ = 5°

To further highlight the contribution of each component to the rolling moment, the

C distribution function has been defined as follows:

[(r—ro) x (fp +£5)]-x

f(Cr) =

where r — rg is the position vector of a cell of the numerical domain in the selected coor-
dinate system (body reference frame), f;, is the force vector due to the pressure, f; is the
force vector due to the shear, and x is the direction of the x-axis in the body reference

Table 11 Directional stability derivative Ca, at different flap deflections and angles of attack.

Derivatives in deg™

%poo VZSh ’ ©)

a=0° a=5°
L 0° 15° 30° 0° 15° 30°
WB -0.00078 -0.00073 -0.00066 -0.00056 -0.00050 -0.00045
WBHVb 0.00134 0.00129 0.00118 0.00148 0.00137 0.00147

WBHVt 0.00122 0.00096 0.00073 0.00119 0.00099 0.00111
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Table 12 Lateral stability derivative Cr, at different flap deflections and angles of attack. Derivatives

in deg™

oa=0° o =5°
8¢ 0° 15° 30° 0° 15° 30°
WB -0.00015 0.00008 0.00056 0.00002 0.00038 0.00069
WBHVb -0.00030 0.00008 0.00062 -0.00010 0.00043 0.00115
WBHVt -0.00058 -0.00022 0.00031 -0.00030 0.00010 0.00046

frame. At the denominator there are the usual normalization quantities. Such function
has been applied at each cell of the WB numerical model to get the distributions illus-
trated in Fig. 25. The rolling moment coefficient calculated in the numerical simulations

is simply:
n
Ce=) f(Cp),
i

that is the sum of the contributions of each cell of the wing-body boundaries. In Fig. 25,
cold colors represent negative values of the f(C.) function, and that is a contribution
to roll to the left. Conversely, warm colors represent a contribution to roll to the right.
Observe that at low values of the lift coefficient there is a blue predominance on the
wing, meaning that its contribution to roll is stable. At high values of the lift coefficient,
it is difficult to infer the lateral stability from the contour scene, as both half-wings pro-
vide almost equal and opposite contributions. The figure also shows the contribution of
the fuselage, with the green and yellow colors representing the tendency to roll to the
left and to the right, respectively. The center of wing aerodynamic loads has also been
indicated. In this figure, it is apparent that at high lift, it is much closer to the symmetry
plane than at low lift.

Numerical analyses have shown that the magnitudes of the contribution of each half-
wing to the rolling moment were about 49% and 51% for the left (dlownwind) and right
(upwind) sides, respectively, for low values of the lift coefficient. At the highest value,
these proportions reversed to about 50.1% and 49.9% for the left and right sides, respec-
tively. Although these contributions are practically equal and opposite, the tendency
of the wing to achieve a symmetrical load and the increasing lateral instability of the

wing aerodynamic center 42
\
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Fig. 20 Locations of reference points for the evaluation of rolling moment. Units in mm
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in deg”.The values of the first three datasets were derived from [46]
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Fig. 23 Comparison of fuselage and wing contributions to the rolling moment coefficient of the WB
configuration. Results from numerical analyses at 8 = 6°

fuselage made the WB configuration unstable to roll in high-lift conditions. Figure 26
shows the tangential velocity distribution on a cross-sectional plane located ahead of the
wing and close to its leading edge. It is apparent that the effect of the wing upwash in
high-lift conditions appears to be stronger than the cross-flow to the sideslip angle. This
may explain the restoring symmetry of the wing load.

Since the high-wing layout was not sufficient to ensure the lateral stability of the air-
craft configuration, in contradiction with the literature results that provide opposite
trends with the lift coefficient, it is advisable to investigate with high-fidelity methods
the static stability characteristics of any aircraft before freezing the configuration and go
with the detail design. In this case, if the model were a specific aircraft and not a repre-
sentative geometry, the solution could be adding a dihedral angle to the wing to achieve
the desired lateral stability. From an academic point of view, these results may promote
a systematic investigation on similar configurations that include the effects of fuselage
shape, wing planform, wing-body relative position, and wing-body fillets.

4 Conclusions

The lateral-directional stability and control characteristics of the unpowered scaled
model of the PROSIB 19-passenger aircraft have been investigated. The aircraft
model had a classic tube-and-wing layout with a belly pod simulating a battery pack.

Center of wing aerodynamic loading Center of wing aerodynamic loading

Pressure Coefficient Pressure Coefficient
=2:13 —0.561 1.01 —3.34 —-1.14 1.06
— . £ | -]
(a) (®)

Fig. 24 Comparison of pressure coefficient contours at B = 6° (lateral velocity component from the right): a
o« =0°8=0°C =024ba=>5%8=30°C =147
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Fig. 25 Comparison of contours of the rolling moment contributions at 8 = 6° Iateral velocity component
from the right):aa = 0°,8 = 0°,C; = 0.24;ba = 5°,8 = 30°,C; = 147

Two tailplane configurations — a body mounted horizontal plane and a T-tail — have
been tested to provide design guidelines on stability and control of small air transport
airplanes. The wind tunnel runs were organized to extract data on the aerodynamic
interference among the aircraft components. Wing-oft, wing-body, and wing-body-
tail combinations were investigated to estimate static stability derivatives and vertical
tail effectiveness in sideslip (sidewash). The rudder was deflected at different angles
to evaluate its control power and effectiveness. Numerical analyses were added to
highlight aerodynamic interference effects that were not possible to capture with the

experimental measurements.
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Fig. 26 Comparison of the tangential velocity at 8 = 6° on a transverse plane located immediately ahead of
the wing leading edge:a o = 0°, & = 0°,C, = 0.24; b o = 5°, 8¢ = 30°,C, = 1.47. Front view, lateral velocity
component from the left
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The wind tunnel runs of the clean configurations at zero angle of attack confirmed
the lateral-directional static stability of the airplane model. The body-mounted tail-
plane performed slightly better in directional control and slightly worse in lateral
stability than the T-tail configuration. Directional stability was essentially the same
for both tailplanes, as expected from the authors’ method. These characteristics were
amplified at angle of attack, meaning that stable combinations were more stable and
unstable combinations were more unstable. Conversely, the flap deflection reduced
the lateral and directional stability characteristics for all the configurations. Com-
bined effects of sideslip, angle of attack, and flap deflection highlighted a poor lat-
eral stability of both empennage layouts. The detrimental effect of the flaps on lateral
stability was particularly strong for the body-mounted tail configuration, raising the
attention on the unexpected results and promoting a careful selection and validation
of the entire aircraft configuration layout. These results are not predicted in the lit-
erature, especially in the semi-empirical methods for preliminary aircraft design and
analysis, where the effect of the angle of attack on the lateral and directional stability
derivative is ignored. Further data processing highlighted that the detrimental effect
of flap deflection on lateral stability was not due to the position of the moments’ ref-
erence point, but rather to the wing circulation that at high lift moved the center of
the aerodynamic loading towards the downwind side, while the fuselage roll instabil-
ity increased with the lift coefficient.

Numerical analyses have also shown how the aerodynamics of the configuration
influenced the generation of forces and moments, highlighting the role of wingtip
vortices on the sidewash effect and confirming the directional control characteristics
of the model. As concerns the belly-mounted pod, it unexpectedly reduced the wing-
body directional instability, while it was neutral on the lateral stability. This behavior
was not confirmed by the numerical analyses, which provided an opposite trend. The
specific cause has been attributed to an aerodynamic interference effect that was not
predicted by the simulations, although caution must be taken in considering the wind
tunnel data on the pod as completely valid. This is a limitation of our investigation
that could be overcome by repeating the test with a different system of measurement.

In conclusion, the results presented in this paper established a dataset of power-
off aerodynamic derivatives for the PROSIB 19-passenger wind tunnel model, high-
lighted the characteristics of two opposite tailplane layouts, and provided insights
on the effects of aerodynamic interference on a typical SAT configuration. It is the
authors’ opinion that the discussion and the results will be useful to researchers
working on similar aircraft configurations.
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