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Aerodynamic Performance of an Aircraft with Aft-Fuselage
Boundary Layer Ingestion Propulsion

Biagio Della Corte ∗, Martijn van Sluis †, Arvind Gangoli Rao‡, and Leo L. M. Veldhuis§
Faculty of Aerospace Engineering, Delft University of Technology, Delft, The Netherlands

Boundary Layer Ingestion (BLI) is a technology that promises fuel consumption benefits for
future civil aircraft. However, it introduces detrimental aerodynamic interactions between the
propulsor and the airframe. In particular, the inflow to the BLI propulsor is affected by the
flow around the airframe elements. The non-uniform inflow can influence the fan aerodynamic,
aeroacoustic and aeroelastic performance. As a consequence, the fan design needs to tolerate
the inlet distortions in all the flight phases. This paper discusses an experimental study of the
aerodynamic performance of an aircraft with a BLI propulsor integrated at the aft-fuselage
section, representative of a Propulsive Fuselage Concept (PFC) aircraft. Aerodynamic load
measurements show that the BLI propulsor affects the longitudinal and lateral-directional
equilibrium of the aircraft in off-cruise conditions. Flow measurements at the BLI propulsor
inlet indicate that the fuselage boundary layer induces the strongest total pressure distortion.
However, particularly at a non-zero sideslip angle, the vertical tail plane strongly affects the
inflow to the BLI propulsor, introducing non-symmetric total pressure and velocity distortions.
The analysis of the momentum and power fluxes in the flowfield show that around 20% of
the total aircraft drag is produced in the fuselage boundary layer, while around 5% of the
total aircraft drag power is dissipated in the fuselage wake. Furthermore, the BLI propulsor
substantially reduces the axial kinetic energy flux in the fuselage boundary layer (the so-called
“wake-filling” effect), suggesting an increased propulsive efficiency.

Nomenclature

Acronyms

BF Bare Fuselage

BL Boundary Layer

BLI Boundary Layer Ingestion

LTT Low Turbulence Tunnel

PF Powered Fuselage

PFC Propulsive Fuselage Concept

PIV Particle Image Velocimetry

VTP Vertical Tail Plane

Abbreviations

CDI Circumferential distortion index

DC(60) Distortion index based on a 60° sector

RDI Radial distortion index

Non-dimensional Coefficients

CL Roll moment coefficient, L/q∞Sc

CM Pitch moment coefficient,M/q∞Sc

CN Yaw moment coefficient, N/q∞Sc

CD Drag coefficient, D/q∞S

CL Lift coefficient, L/q∞S

Cpt Total pressure coefficient, (pt − pt∞)/q∞

CY Lateral force coefficient, Y/q∞S

Greek Symbols

α Angle of attack, [°]

β Angle of sideslip, [°]
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Γ Circulation, [m2/s]

µ Dynamic viscosity, [Pa s]

Ω Fan angular velocity, [rad/s]

ω Vorticity, [s−1]

φ Azimuthal angular position, [°]

ψ Radial angle, [°]

ρ Density, [kg/m3]

θ Swirl angle, [°]

Latin Symbols
ÛEa Axial kinetic energy flow rate, [W]

ÛEp Pressure work rate, [W]

ÛEv Transverse kinetic energy flow rate, [W]

L Roll moment, [N m]

M Pitch moment, [N m]

N Yaw moment, [N m]

c Wing mean aerodynamic chord, [m]

cf Fan mid-span chord, [m]

D Drag force, [N]

d ÛEa Axial kinetic energy flux density, [W/m2]

d ÛEp Pressure work density, [W/m2]

d ÛEv Transverse kinetic energy flux density, [W/m2]

D0 Reference drag force, [N]

Df Fan diameter, [m]

dFa Axial momentum flux density,
dFa = −dFx [N/m2]

dFx Axial momentum flux density, [N/m2]

Fa Axial momentum flow rate, Fa = −Fx [N]

Fi i-th component of the BLI propulsor inflow

Fx Axial momentum flow rate, [N]

L Lift force, [N]

Lb Fuselage body length, [m]

p Pressure, [Pa]

pt Total pressure, [Pa]

q Dynamic pressure, [Pa]

Rb Fuselage body radius, [m]

Rec Mean-chord-based Reynolds number,
Rec = ρ∞V∞c/µ∞

S Wing planform area, [m2]

u, v, w Cartesian velocity components, [m/s]

u, vr , vt Cylindrical velocity components, [m/s]

Utip Fan tip speed, [m/s]

V Velocity magnitude, [m/s]

x, r , φ Body reference system

x, y, z Cartesian coordinates

xB, yB, zB Body reference system

Y Side force, [N]

Sub-scripts

∞ Freestream conditions

I. Introduction

Boundary Layer Ingestion (BLI) is an airframe-propulsion integration technology that enables unconventional
aircraft architectures to benefit from increased aero-propulsive efficiencies. Historically, the potential advantage of

operating a propeller in a viscous wake has long been known in the field of marine propulsion [1, 2]. A milestone study
pioneered BLI for aircraft propulsion and related the propeller and wake properties to quantify the power saving [3].
More recently, the physical mechanisms of this benefit were explained through power-based flow analysis methods.
First, the kinetic energy transported and dissipated in the wake of the aircraft is reduced (the so-called “wake-filling”
effect of BLI). Second, the kinetic energy in the boundary layer and ingested by the propulsor results in a reduction of
the required mechanical power (see Ref. [4–6]).

In the last decade, BLI has been investigated in numerous unconventional aircraft concepts with an estimated power
benefit over a conventional airchitecture ranging from 5% to 10% [7, 8]. One of the most promising configuration is the
Propulsive Fuselage Concept (PFC), a tube-and-wing aircraft where an aft-fuselage mounted BLI propulsor ingests the
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fuselage boundary layer [9–11]. The PFC has various advantages over other BLI configurations. First, momentum
deficit share which can be ingested with a single propulsor is maximized [12]. Moreover, the inlet distortions for the
BLI propulsor are minimized, since the fuselage boundary layer can ideally be axisymmetric, resulting in minimum
propulsor losses [13]. Finally, the airframe design changes are minimzed since the PFC implements BLI on an otherwise
conventional architecture [11].

The CENTRELINE project, funded by EU within the Horizon 2020 framework, proposed a turbo-electric PFC for
a long-range wide-body commercial aviation aircraft [11]. The concept, sketched in Fig. 1, featured an aft-fuselage
mounted shrouded fan driven by an electric motor powered by the under-the-wing turbofans. During cruise, the BLI
propulsor provides around 25% of the total propulsive power to maximize the system-level benefit [14]. Both the fuselage
and the fan stage were designed assuming axisymmetric conditions. Numerical work optimized the axisymmetric
fuselage and shroud contours to maximize the propulsive force for a given shaft power [15]. At the same time, the fan
stage design minimized the losses in efficiency induced by the inlet distortions due to the fuselage boundary layer [13].
A previous related work has experimentally investigated the aerodynamic performance of an axisymmetric propulsive
fuselage representative of the CENTRELINE concept [16]. The study analyzed the aerodynamic interactions between
the fuselage airframe and the BLI propulsor in axial inflow conditions. The work highlighted that the propulsor has a
strong effect on the fuselage boundary layer. Due to the suction imposed to the fluid, higher velocity is found in the
near-wall region of the boundary layer upstream of the propulsor and high momentum flow is drawn toward the fuselage
wall, which reduces the local boundary layer thickness.

However, in a more realistic scenario, the flow around the fuselage aft-section is not expected to be axisymmetric, as
it will result from the influences of different elements. In particular, the fuselage-mounted shrouded fan will be affected
by other aerodynamic surfaces and elements of the aircraft, namely the wing and vertical tail plane. These elements
will introduce total pressure and velocity distortions at the fan inlet due to viscous dissipation (i.e. boundary layers
and wakes) or circulation (i.e. lift) which are a function of the flight conditions. These distortions can have an impact
on propulsive efficiency, stall margin, aeromechanic and aeroacoustic performance of the fan [17–21]. Moreover, the
aerodynamic interaction between the BLI propulsor and the aircraft airframe can have an effect on the overall system
aerodynamic performance and influence the local flowfield around the fuselage aft-cone section. A schematic of the
main flow distortions and aerodynamic interaction expected in the propulsive fuselage is presented in Fig. 1.

In order to tailor the PFC design to minimize installation penalties and hence maximize the aero-propulsive efficiency,
the main flow phenomena need to be investigated. This paper discusses an experimental analysis of an aircraft model
representative of the CENTRELINE Propulsive Fuselage Concept. The model featured a shrouded BLI propulsor
integrated at the aft fuselage section. The goal of the low-speed wind-tunnel experiments was twofold. First, to assess
the effect of the BLI fan on the aircraft forces in various flight conditions. Second, to characterize the aerodynamic flow
around the BLI propulsor in on- and off-design conditions.

II. Methods
Low-speed wind-tunnel tests were performed on a sub-scaled aircraft model equipped with a fuselage-mounted BLI
shrouded fan. As a consequence of the scaling limitations, the Reynolds and Mach numbers characterizing the flow at the

BLI propulsor

wing downwash

VTP wake

fuselage BL

fan slipstream

fan suction

VTP

Podded turbofans

Fig. 1 Schematic of the CENTRELINE Propulsive Fuselage Concept. Based on [11, 13].
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a) Front view b) Back view

Fuselage
Port wing

Starboard wing

Wing struts

Vertical tail

Fuselage strut

BLI propulsor

Fairings

Ω

Ω

Fig. 2 Photographs of the wind-tunnel setup assembled in the test section of the Low Turbulence Tunnel of
Delft University of Technology.

lab scale were lower than the expected values in typical high-subsonic cruise conditions. In particular, due to the lower
Reynolds number obtained during the experiments, delayed turbulent transition and relatively larger boundary layer
thicknesses were expected compared to the full-scale flight conditions. To mitigate these effects, the transition locations
were imposed on all the fixed aerodynamic surfaces through tripping elements. Moreover, the BLI propulsor model was
sized accordingly to the fuselage boundary layer thickness to maintain the same scaling relative to the boundary layer
thickness as found in full-scale aircraft. Compressibility effects could not be simulated in the low-speed wind-tunnel
used. Compressibility effects play a major role in the aerodynamics of lifting surfaces (i.e. wings). However, the
consequences of the low Mach number are not expected to have a strong influence on the flow around the fuselage body,
since the critical Mach number of axisymmetric bodies is lower than the typical cruise Mach number (see for example
Ref. [22–24]).

Furthermore, the aircraft model tested was representative of the CENTRELINE Propulsive Fuselage Concept design.
However, except for some aspects (e.g. the contour of the fuselage aft-cone), the model design was simplified to avoid
that configuration-specific design choices could affect some of the findings of this study.

In general, the aerodynamic scaling and the model design could have an effect on the quantitative results of the
experimental investigations carried out during this study. However, the fundamental interaction mechanisms between
the BLI propulsor and the airframe were effectively simulated in the wind-tunnel experiments in a qualitative sense. As
a consequence, the same mechanisms are expected to occur in the full-scale flight conditions, even though possibly with
different magnitudes.

A. Wind-Tunnel Facility and Setup
The wind-tunnel experiments were carried out at the Low Turbulence Tunnel (LTT) of Delft University of Technology.
The LTT is a closed-loop, closed test-section atmospheric wind-tunnel. The test section features and octagonal
cross-section with a width of 1.80 m and height of 1.25 m. The maximum test speed that can be reached is 120 m/s
with a turbulence intensity below 0.1%.

The test setup consisted of an aircraft model representative of the CENTRELINE Propulsive Fuselage Concept
(PFC). Photographs of the model installed in the test section are shown in Fig. 2 and the main model dimensions are
reported in Fig. 3. The reference systems and conventions used in the current study are reported in Fig. 4.

The aircraft model was mounted to an external six-components balance through a three-point attachment system.
The support structures were hinged to the two wings and to the aft-fuselage section. The model could rotate around the
wing-support hinge axis to simulate an angle of attack, α, which was controlled by vertically sliding the aft-fuselage
support. In addition, the model could rotate around the vertical axis to simulate an angle of sideslip, β. The support
struts rotated with the model and with a turntable embedded in the test-section wall.

The fuselage consisted of an axisymmetric body with a maximum radius, Rb, of 70 mm and a total length, Lb, of
1564 mm. The fuselage aft-cone section shape was adapted from the propulsive aft-cone of the CENTRELINE PFC
aircraft. Moreover, the fuselage aft-cone section was modular, allowing the testing of different configurations which are
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1 1 3

92

1 8 9

20
6

14
0

8 9

2 2 06 2 4 5 7 4

a) Lateral view

b) Front view

c) Top view

x

z

x

y

c/4

C

Fig. 3 Technical views of the wind-tunnel model (dimensions in mm).

α

β

D

L

Y x
y

z

V∞

V

v

wu

xB
yB

zB

x

y

z

a) Aircraft attitude angles, forces and moments conventions

b) Cartesian velocity components c) Cylindrical velocity components

Ω

x

y

z

vr
u

vt
r

θ
ζ

Fig. 4 Conventions and definitions used for the aircraft forces and moments and velocity components.
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77 9172

c f =
 2219

7

13

19

Inlet vane Fan blade Outlet vane

Ω

5 × inlet vanes

Fan blades

Ω

Fan blades

5 × outlet vanes

Ω

a) Isometric front view b) Isometric back view

c) Section view d) Mid-span cross-section

Ω84

76
32

70

spinner

fan plane

0.25cf 

fan plane

Fig. 5 Details of the shrouded BLI propulsor equipping the wind-tunnel model (dimensions in mm).

described in more detail in Sec. II.C.1.
The fuselage aft-cone section was equipped with a BLI shrouded propulsor, of which technical views and details

are shown in Fig. 5. The fan featured 12 blades with a diameter, Df, of 75 mm, an hub-to-tip-radii ratio of 0.41 and a
mid-span blade chord, cf, of 22 mm. The fan was driven by a three-phase brushless electric motor and its rotational
speed, Ω, was measured through an US Digital© optical encoder mounted on the motor shaft.

Since the fuselage boundary layer is expected to be relatively larger at the test scale when compared to the flight
scale (due to the lower Reynolds number), the propulsor size was not scaled geometrically from the full scale to the
wind-tunnel scale. Aerodynamic and aero-propulsive similarity between the wind-tunnel model and the full-scale
aircraft were obtained by: 1) scaling the propulsor size such that the same ratio between the fan diameter and the
fuselage momentum thickness at the fan location is achieved; and 2) optimizing the fan blades at the same operating
conditions defined by the flow coefficient and load coefficient. The shroud geometry was also adapted from the full-scale
CENTRELINE configuration to allow a tip gap of 0.75 mm, approximately corresponding to 1% of Df. The shroud
was equipped with 5 inlet and outlet vanes. The inlet vanes featured a NACA 0015 airfoil section with a rectangular
planform. These vanes supported the shroud and were not optimized to de-swirl the flow. A more detailed discussion of
the procedures and tools used in the fan design can be found in Ref. [25].

The unswept low wing (mean chord, c, of 165 mm, and planform area, S, of 0.216 m2) featured a cambered airfoil,
an aspect ratio of 8.46, a taper ratio of 0.4 and a linear washout of 2°. The vertical tail plane (VTP) featured a symmetric
NACA 0012 airfoil, a taper ratio of 0.3 and a leading edge sweep angle of 30°.

Boundary layer transition was forced on all the surfaces through a 2.5 mm wide strips of 140 µm carborundum
particles. The strips were placed on the fuselage, shroud, vertical tail and wing suction side at 5% of their respective
lengths, and at 10% of the wing chord on the wing pressure side. Occurrence of transition was checked with microphone
inspections of the boundary layer at all the operating conditions that were tested during the experiments.
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a) α = 0º, β = 0º

c) α =  0º, β = ±4º

0.25Df 

0.30Df 

b) α =  12º, β = 0º
0.42Df 

12˚

4˚

x/Lb = 0.89

x/Lb = 1

PIV + pt measurements

pt measurements

Pitot

Fig. 6 Location and orientation of the PIV and total pressure measurements planes.

Table 1 Uncertainty values on the forces and moments coefficient measured through the external six-
components balance.

CL CD CY CM CN CL

α = 0°
β = 0°

0.0005 0.0002 0.0004 0.0009 0.0007 0.0009

α = 12°
β = 0°

0.0025 0.0004 0.0006 0.0010 0.0007 0.0012

B. Measurement Techniques

1. Force and moments measurements
The aerodynamic forces and moments acting on the model were measured through the external six-components balance,
to which the model was connected through the three supports. Only the model and the fuselage strut were sensed by the
balance, since the wing struts were almost entirely covered by fairings bolted directly to the wind-tunnel wall (see Fig. 2).
The balance readings were acquired for 15 s and time-averaged to filter the fluctuations due to turbulence, vibrations and
other external factors. The non-dimensional force coefficients were defined using the freestream dynamic pressure, q∞,
and the wing planform area, S, as reference values. The uncertainty of the balance measurements was estimated from
the deviation of repeated measurements. Tab. 1 reports the maximum absolute deviations from the mean measured for
each force and moment coefficient for two different incidence settings.

2. Total pressure measurements
The total pressure distribution upstream and downstream of the fan inlet was measured with a L-shaped Pitot probe with
an outer diameter of 0.6 mm. The probe was traversed in planes perpendicular to the freestream velocity direction with
a variable spacing to account for the local gradients. The measurements were carried out both at cruise conditions
(α = β = 0°) and for non-zero angles of attack or sideslip. For the cases under sideslip, measurements at positive and
negative β were combined to obtain the complete flowfield. Fig. 6 shows the position and orientations of the survey
planes used for the different cases.

At each probe position, after a settling time of 2 s, the pressure data were recorded through an electronic pressure
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Table 2 Main parameters of the Particle Image Velocimetry setup.

Imaging

Focal length (mm) 105
Aperture f/11
Digital resolution (px/mm) 12

Acquisition

Pulse delay (µs) 30
Frequency (Hz) 10
Number of image pairs 500

Processing

Interrogation window (px x px) 32 x 32
Overlap factor (%) 50
Spatial resolution (mm) 0.25

Uncertainty

u uncertainty 0.9%V∞
v uncertainty 1.1%V∞
w uncertainty 0.8%V∞
V uncertainty 1.4%V∞

scanner for a period of 5 s and averaged over this period. Simultaneously, the freestream static and total pressures
were measured with a Pitot static probe mounted at the inlet of the test section and acquired through the same pressure
scanner. In this way, possible fluctuations in the freestream conditions due to temperature or velocity drifts could be
accounted for. The raw total pressure measurements were used to define the non-dimensional total pressure coefficient:
Cpt = (pt − pt∞)/q∞.

3. Particle Image Velocimetry
Stereoscopic Particle Image Velocimetry (PIV) was employed to quantify the three velocity components in survey

planes perpendicular to the freestream around the BLI propulsor for the cruise conditions (α = β = 0°). The PIV planes
coincided with the total pressure measurements planes which are sketched in Fig. 6a. The PIV system (laser, optics
and cameras) were mounted on an electronic traversing system which was used to translate the measurement plane.
Two LaVision© Imager sCMOS cameras (16-bit 2560 px × 2160 px) were used to record the particle images. The
cameras were equipped with Nikon© AF Micro Nikkor 105 mm 1:2.8 D lenses set at an aperture of f/11 and mounted
on LaVision© Scheimpflug adapter rings. A Quantel© Evergreen (double-pulse Nd:YAG, 200 mJ) laser and coated laser
optics were used to generate the laser sheets with a thickness of around 2 mm. A Safex© Twin Fog smoke generator was
used to seed the flow with Safex© Inside Nebelfluid. The seeding was injected downstream of the test section and spread
uniformly in the entire flowfield within the wind-tunnel circuit. The image acquisition was controlled via a LaVision©

Programmable Time Unit PTU X. The image pairs were recorded at a frequency of around 10 Hz and with a pulse delay
of around 30 µs. For each case, a set of 500 phase-uncorrelated image pairs were acquired. The processing of the raw
images was carried out in LaVision© Davis 8.4 using an iterative multi-pass correlation algorithm with a decreasing
interrogation window size (from 96 px × 96 px for the first pass to 32 px × 32 px for the last pass, with an overlap
factor of 50%). The uncertainty of the resulting velocity field was estimated directly at the correlation phase, using a
statistical analysis of the correlation function implemented in Davis (see Ref.[26]). The main characteristics of the PIV
measurements setup are summarized in Tab. 2.
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a) BF, VTP-Off b) BF, VTP-On 

c) PF, VTP-Off d) PF, VTP-On 

Fig. 7 Geometrical configurations tested in the wind-tunnel experiments.

C. Investigated cases

1. Geometric configuration
The modularity of the model allowed for the testing of four different geometric configurations, which are sketched
in Fig. 7. In particular, the two main configurations were: a) the bare fuselage (BF), obtained by removing the BLI
propulsor; b) the powered fuselage (PF), obtained by equipping the fuselage with the shrouded fan. For each of these
configurations, the vertical tail plane could be installed (VTP-On) and disassembled (VTP-Off).

2. Flow and operating conditions
All the measurements were taken at a freestream velocity, V∞, of 40 m/s, corresponding to a freestream Reynolds
number based on the wing mean chord, Rec , of around 460,000. At this freestream velocity, the freestream turbulence
level is lower than 0.03% of V∞ [27]. The angle of attack, α, was varied between −6° and 12°, while the angle of
sideslip, β, was varied between −8° and 8°. Balance measurements were carried out in several conditions, including
cases in which both α and β were varied together. Contrarily, other measurements were carried out in conditions
obtained by varying one of the angles while the other was kept equal to zero. In addition, for the powered fuselage cases,
the fan tip speed ratio, Utip/V∞ = 1

2ΩDf/V∞, was varied by controlling the fan rotational speed, Ω.

D. Momentum and Energy Analysis
The momentum and energy components in the flowfield were analyzed through the Power Balance Method [4] based on
the total pressure and stereoscopic PIV measurements. The momentum and energy flow rates across the survey planes
were evaluated through the following definitions:

Fx =

∬ [
(pt − pt∞) +

1
2
(u − V∞)2 −

1
2
(v2 + w2)

]
dS (1)

ÛEa =

∬
1
2
ρu(u − V∞)2dS (2)

ÛEv =

∬
1
2
ρu(v2 + w2)dS (3)

ÛEp =

∬
(p − p∞)(u − V∞)dS (4)
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where:

Fx : is the axial momentum flow rate (5)
ÛEa : is the axial kinetic energy flow rate (6)
ÛEv : is the transverse kinetic energy flow rate (7)
ÛEp : is the pressure work rate (8)

and where:

u, v and w : are the Cartesian velocity components (9)
ρ : is the density (10)

pt : is the total pressure (11)
p : is the static pressure. (12)

The integrals were carried out over a circular survey plane, S, perpendicular to the freestream velocity direction and
extending up to r = 0.8Rb. The momentum flow rate, Fx , is defined positive when corresponding to a momentum
deficit and hence to a force component in the drag direction. In selected cases, to ease the interpretation of the results,
Fa is defined as Fa = −Fx , and hence positive for a momentum excess and a force component in the thrust direction.
The velocity components, u, v and w, were directly measured through the PIV measurements, while the total pressure,
pt , was obtained from the Pitot measurements. The effect of the probe incidence angle on the total pressure readings
was corrected using the velocity data. For each probe position, the corresponding inflow angle was evaluated from the
velocity field and used to correct the Pitot measurement through the probe calibration curve. The calibration curve was
measured by placing the probe in the freestream flow and by tilting it with respect to the freestream velocity direction.
Throughout the present analysis, the flow was assumed to be incompressible and hence ρ = ρ∞. The static pressure, p,
was computed from the PIV and Pitot data through the incompressible Bernoulli’s equation.

III. Results
The aerodynamic performance of the Propulsive Fuselage Concept, resulting from the complex aerodynamic interactions
occurring between the BLI propulsor and the airframe was investigated through several measurement techniques. In
this section, the main findings from the experimental study are presented and discussed. First, the effect of the BLI
propulsor on the overall aircraft forces and moments is discussed. Subsequently, the flowfield around the BLI propulsor
is investigated in detail. Finally, the distribution of the momentum and power components in the flowfield is presented.
The results presented in this section are focussed on the aerodynamics of the powered fuselage (PF) configuration, while
the performance of the bare fuselage (BF) configuration is discussed in the Appendix A.

A. Effect of BLI propulsor on aerodynamic forces and moments
The effect of the BLI propulsor on the overall aircraft aerodynamic forces and moments was quantified in different
operating conditions through the six-components external balance. Fig. 8 presents the aerodynamic force and moment
coefficients induced by the BLI propulsor as a function of the fan tip speed ratio, Utip/V∞. The propulsor-induced
components were obtained by subtracting the values measured for the bare fuselage (BF) case from those measured for
the powered fuselage (PF) case (∆C( ) = CPF

( )
−CBF
( )

). These ∆C( ) components account for the effects of the fan and of the
shroud. The results of the balance measurements for the BF configuration are presented in Fig. 16 of the Appendix A.
Fig. 8a reports the propulsor-induced lift, drag and pitching moment coefficients, respectively ∆CL , ∆CD , and ∆CM , at
β = 0° and α = 0° and 12°. The measurements show that:

1) CL is not affected by the propulsor installation and operating condition at α = 0°. At α = 12°, CL slightly
increases (up to 1% of CBF

L ) due to the lift produced by the shroud and the component of the fan thrust in the lift
direction.

2) CD changes significantly due to the propulsive unit installation. At α = 0°, the added drag due to the shrouded
fan was compensated by the propulsor at around Utip/V∞ = 1, at which CBF

D = CPF
D . The addition of the VTP

contributes to the drag increase but it is not significantly influenced by the fan installation and settings. A
consistent behavior is found at α = 12°, although higher drag is measured relatively to the respective BF case at
a given Utip/V∞. This is due to the higher drag produced by the shroud and to the composition of the thrust in the
lift and drag directions.
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a) Longitudinal equilibrium (β = 0º)
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Fig. 8 Effect of the BLI propulsor on the aerodynamic forces andmoments coefficients. Balancemeasurements
taken at Rec = 460, 000.
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3) CM is un-affected by the propulsor installation and setting at α = 0°. However, at α = 12°, the fan installation
introduces a nose-down contribution to CM , due to the lift produced by the shroud contour and to the onset of
an in-plane force component on the fan. The nose-down effect increases in magnitude for increasing Utip/V∞,
suggesting that the fan in-plane force and the shroud lift increase at higher fan thrust settings.

Fig. 8b reports the propulsor-induced side force, yawing and rolling moment coefficients, respectively ∆CY , ∆CN , and
∆CL , at α = 0° and β = 0° and 4°. The measurements show that:

1) ∆CY is small at β = 0° due to the symmetric flow conditions and the effect of the fan is negligible. However, at
β = 4°, CY slightly decreased (increased in magnitude) for increasing Utip/V∞, due to an increase in magnitude
of the side force produced by the shroud and of the in-plane fan force. Comparing the VTP-Off and VTP-On
data, it can be seen that the presence of the tail affected the side force produced by the propulsor unit which
resulted in a change in slope of the ∆CY curve.

2) ∆CN shows a behavior which is consistent with that of ∆CY . ∆CN is small at β = 0° and is not affected by the
fan, due to the symmetric flow conditions. At β = 4°, the onset of the side force on the propulsor introduces a
positive yawing moment contribution which increases with Utip/V∞. As noted for ∆CY , the interaction with the
VTP results in an increased slope of the curve in the VTP-On case.

3) The effect of the fan installation and setting on CL is negligible both at β = 0° and β = 4°. The small increase
seen in ∆CL at β = 0° for increasing Utip/V∞ might be due to the increasing torque induced by the fan on the
outlet vanes.

B. Distortions of the BLI propulsor inflow field
Fig. 9 shows the total pressure coefficient, Cpt , measured upstream of the shroud inlet for the powered fuselage (PF) case
at various incidence conditions. Moreover, for the cruise conditions (α = β = 0°), both VTP-On and VTP-Off cases are
shown. Fig. 9a and 9b show that in cruise conditions the fuselage boundary layer introduces total pressure gradients in
the radial direction. In particular, at the survey plane location, the boundary layer thickness is approximately 0.65Rb. In
both VTP-Off and VTP-On cases, the bottom sector of the plot (φ > 120°) is affected by the influence of the fuselage
support strut. The vertical tail plane introduces a non-uniform pt distribution which is due to two sources: the viscous
wake of the tail, introducing a narrow and relatively strong pt deficit (approximately for −5° < φ < 5°), and the junction
flow, introducing a wide and relatively weak pt deficit close to the fuselage wall (approximately for −30° < φ < 30°).

The inflow total pressure was measured at α = 12° and β = 0° to simulate conditions representative of take-off
or top-of-climb maneuvers. Fig. 9c shows the pt distribution for the PF, VTP-On case. The increased incidence
angle results in the onset of a cross-flow around the fuselage section (see for example Ref. [28, 29]). This cross-flow
displaces the lower pt flow farther from the fuselage on the leeward (upper) side, while higher pt flow is entrained on
the windward (bottom) side. The VTP causes a pt deficit due to its viscous wake similarly to the α = 0° case. However,
the junction flow distortion is not clearly visible anymore close to the fuselage contour. This could be a consequence of
the cross-flow component that displaces the horseshoe vortex further from the surface.

Fig. 9d reports the fan-inflow total pressure for α = 0° and β = 4° for the PF, VTP-On case. Similarly to the
case at α = 12°, due to the cross-flow component around the fuselage contour, the low momentum fluid is displaced
on the leeward (left-hand) side while higher pt flow is entrained on the windward (right-hand) side. Moreover, the
vertical tail produces a strong asymmetric distortion which is enhanced by the fact that the tail is producing lift under
the sideslip β. In particular, a low pt region is found on the leeward side (corresponding to the suction side of the
vertical tail) in proximity of the fuselage body, presumably due to trailing edge separation. In fact, inside the fuselage
boundary layer, the effective incidence angle of the tail sections are most likely higher than the sideslip angle, due to
the lower axial velocity component. On the windward side (corresponding to the pressure side of the vertical tail),
the pt distribution typical of an horseshoe vortex can be identified, as a result of the junction flow developing at the
tail-fuselage intersection. Consequently, strong pressure gradients are found in the azimuthal direction around φ = 0°.

The total pressure distribution at the fan inlet found in cruise conditions, displayed in Fig. 9b, was decomposed
in the three basic components associated to the fundamental aerodynamic phenomena that cause them, namely: the
fuselage boundary layer, the VTP wake and the junction flow. The results of the decomposition are reported in Fig. 10.
Note that the total pressure measurements were done only for −18° ≤ φ ≥ 198° and then mirrored for visualization
purposes. Moreover, the distortions induced by each of these distortion components were summarized through the
standard distortion parameters DC(60), CDI and RDI, and are gathered in Tab. 3. The parameters were defined as (see
Ref. [30]):
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Fig. 9 Total pressure distributions upstream of the BLI propulsor for the powered fuselage (PF) case at
various incidence angles (back view). Arrows indicate the direction of the crossflow component. Total pressure
measurements taken at Rec = 460, 000 and Utip/V∞ = 1.7.
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Fig. 10 Fundamental components of the fan inflow total pressure distribution in cruise conditions. Total
pressure measurements taken at α = 0° = β = 0°, Utip/V∞ and Rec = 460, 000.
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DC(60) =
pavgt − pavg

t ,60°

pavgt

(13)

CDI = max
r

(
pavgt (r) − pmin

t (r)

pavgt

)
(14)

RDI = max
(

pavgt − pavgt (rmin)

pavgt

,
pavgt − pavgt (rmax)

pavgt

)
(15)

where:

pavgt : is the average total pressure value in the survey plane (360°)
pavg
t ,60° : is the minimum average total pressure value in a sector of 60°

pavgt (r) : is the average total pressure value at the radial position r
pmin
t (r) : is the minimum total pressure value at the radial position r

The momentum distribution, Cpt , shown in Fig. 10a, is primarily the result of the flow around the fuselage, vertical tail
and their mutual interaction and is a function of both r and φ, i.e. Cpt = F(r, φ).

F1, shown in Fig. 10b, represents the momentum deficit due to the fuselage boundary layer and it was directly
measured on the VTP Off configuration. Ideally, for an axisymmetric fuselage at zero incidence, and neglecting the
effect of the wings, F1 would be a function of r and constant with φ. In practice, due to the lifting wings and the
interference of the fuselage support strut, the measured F1 deviates from an axisymmetric condition.

Furthermore, the total pressure distribution component due to the tail installation was isolated by subtracting the
VTP-On and VTP-Off cases and it is reported in Fig. 10c. This component can be further decomposed in two parts:
F2, representing the viscous wake of the VTP, and F3, representing the effect of the tail-fuselage junction flow. To
obtain F2, firstly the un-installed tail wake, F ′2 , reported in Fig. 10d, was estimated. F ′2 represents the momentum deficit
distribution in the wake of the VTP operating in uniform freestream flow (hence without the effect of the fuselage
boundary layer). F ′2 was estimated by assuming a Cpt profile equal in shape to the profile that was measured outside of
the fuselage boundary layer (r/Rb = 0.795). At each radial position r , this Cpt profile was scaled proportionally to the
local VTP chord length. This is valid in the assumption that the section drag scales linearly with the section chord
length. Subsequently, the installed tail wake, F2, reported in Fig. 10e, was obtained by scaling F ′2 with the local total
pressure ratio, pt/pt∞, in order to take into account the non-uniform dynamic pressure impinging on the different VTP
sections. This is valid in the assumption that radial static pressure gradients can be neglected in the fuselage boundary
layer. F2 results in a pt deficit concentrated around the center of the VTP (−5° < φ < 5°) and non-linearly decreasing in
intensity toward the fuselage wall. Finally, F3, reported in Fig. 10f, was obtained as complementary of F2 to the total
tail installation effect. F3 is strongly two-dimensional and characterized by a low total pressure region coincident with
the core of the horse-shoe vortex.

The decomposition of Cpt clearly shows that the total momentum deficit characterizing the BLI fan inflow can be
obtained as a combination of elementary components associated with well-defined physical sources of momentum
deficit. Comparing the different elements, it can be concluded that the lowest pt values are induced by the fuselage
boundary layer (Fig. 10b). However, since this deficit is approximately axisymmetric, it does not induce non-uniform
disk loads and the design of the BLI propulsor can be adapted to sustain the distortion with minor performance penalties
(see for example Ref. [13]). On the contrary, the inlet distortions induced by the tail installation will induce non-uniform
disk loads and hence potentially affect the aero-acoustic and aero-mechanical performance of the BLI fan [19, 20]. This
qualitative analysis is supported by the distortion parameters reported in Tab. 3. In fact, it can be observed that the
momentum deficit due to the fuselage boundary layer, F1, contributes with the highest RDI coefficient, while the VPT
wake, F2, is characterized by the highest CDI coefficient. Overall, the DC(60) values measured are relatively low due to
the fact that the axysimmetric component of the inlet distortions (F1) is dominant and the strongest non-axysimmetric
component of the distortions (F2) is concentrated in a narrow sector.

Stereoscopic PIV measurements were carried out in a plane perpendicular to the freestream direction at x/Lb = 0.89
to quantify the velocity field at the shroud inlet in cruise conditions (see Sec. II.B.3). Fig. 11 reports the three velocity
components, u, v, and w, together with the swirl angle, θ, and the axial vorticity component, ωx , for the BF, VTP-On
configuration.
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Fig. 11 Flowfield at x/Lb = 0.89 for the BF, VTP-On configuration (back view). Stereoscopic PIV measure-
ments for α = 0° = β = 0° and Rec = 460, 000.
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Table 3 Inlet distortion metrics for the fundamental components of the fan inflow total pressure distribution
in cruise conditions (F: fan inflow; F1: fuselage boundary layer; F2: installed tail wake; F3: junction flow).
Total pressure measurements taken at α = 0° = β = 0°, Utip/V∞ and Rec = 460, 000.

F F1 F2 F3

DC(60) 0.06 0.03 0.02 0.04
CDI 0.85 0.10 0.39 0.20
RDI 0.66 0.63 0.01 0.01

Fig. 11b displays the axial velocity contour which, similarly to the Cpt in Fig. 9b, is characterized by the fuselage
boundary layer, VTP wake and junction flow. The VTP influences the fan inflow field with in-plane velocity components,
which can be easily visualized in Fig. 11a. In fact, in the VPT wake, the lateral velocity component, v, is directed toward
the center of the wake itself (Fig. 11c) due to the wake contraction. Moreover, a positive vertical (spanwise) velocity
component, w, is found (Fig. 11d). This vertical flow, directed from the root to the tip of the tail, is due to the onset of a
crossflow component in the tail boundary layer induced by the leading edge sweep. These v and w distributions have two
direct consequences on the fan inflow. First, downstream of the tail plane, a velocity tangent to the fan plane is induced,
which is co-rotating with the blades on the approaching-blade side (in this case left-hand side) and counter-rotating on
the retreating-blade side (in this case right-hand case). This results in a swirl angle, θ, displayed in Fig. 11e, peaking at
around ±8° in the VPT wake. Second, the vertical crossflow in the VTP boundary layer introduces streamwise vorticity
ωx that is transported downstream and ingested by the fan (Fig. 11f).

C. Flowfield downstream of the BLI propulsor
The flowfield downstream of the BLI propulsor was quantified through total pressure and stereoscopic PIV measurements
on a survey plane perpendicular to the freestream velocity direction located at the fuselage trailing edge (plane at
x/Lb = 1 of Fig. 6). The measurements were carried out at α = β = 0° and at Utip/V∞ = 1.7. The distributions of total
pressure, pt , axial velocity velocity, u, tangential velocity, vt , and axial vorticity, ωx , are reported in Fig. 12.

The fan slipstream clearly shows a total pressure and axial velocity higher than the freestream (Fig. 12a and Fig. 12b,
respectively). The low total pressure and velocity region around the fuselage axis is due to the onset of a vortical
structure around the fuselage hub. This structure, induced by the fan slipstream, was analyzed in detail in a previous
related work [16]. Furthermore, Cpt and u show a non-axisymmetric distribution over the entire slipstream annulus. In
particular, the wakes of the outlet vanes (see Fig. 13) are visible as they are characterized by a relatively lower total
pressure and axial velocity.

Moreover, the outer region of the slipstream is affected by the presence of streamwise vortices (Fig. 12d) which
induce the structures labeled as A and B in Fig. 12. These vortices are thought to be due to the interactions between
the shroud-vanes junction flow and the fan slipstream, as sketched in Fig. 13. The horseshoe vortex generated at
the intersection between the outlet and inlet vanes and the shroud results in five pairs of counter-rotating vortices,
corresponding to the vortices A and B respectively. These vortices are convected downstream in the fan slipstream,
hence following an helical trajectory. The viscous interaction with the swirling flow in the fan slipstream results in an
enhanced dissipation of the co-rotating (+Γ) filament while keeping the counter-rotating filament (−Γ) stable. It must be
noted that, though consistent with the experimental observations, no experimental data are available to directly validate
the proposed phenomena. A more detailed investigation of the flowfield is required through dedicated measurements of
numerical analysis, possibly with time-resolved flow data.

Finally, the tangential velocity component, vt (Fig. 12c), has a uniform distribution in the center of the fan slipstream
and strongly increases toward the hub region due to the presence of the hub vortex.

D. Flow Momentum and Power Analysis
The total pressure and velocity data were combined to estimate the main momentum and power fluxes across a survey
plane perpendicular to the flow and positioned at x/Lb = 0.89 and at x/Lb = 1 for the BF and PF configurations. The
terminology, main equations and procedures used are discussed in Sec. II.D. Fig. 14 reports the distribution of the
momentum and power flux densities in the survey planes. The fluxes, dFa, d ÛEa, d ÛEv , and d ÛEp , represent the amount
of momentum or power transported through the survey plane per unit area and their surface integral is equal to the
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Fig. 12 Flowfield at x/Lb = 1 for the PF, VTP-On configuration (back view). Total pressure and stereoscopic
PIV measurements for α = 0° = β = 0°, Utip/V∞ = 1.7 and Rec = 460, 000.
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Fig. 13 Schematic of the flow interactions between the fan slipstream and the viscous flow around the vane and
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Fig. 14 Distributions of the momentum and energy flux densities at x/Lb = 0.89 and x/Lb = 1.00 for the
BF, VTP-On and PF, VTP-On cases (back view). Total pressure and stereoscopic PIV Measurements for
α = 0° = β = 0°, Utip/V∞ = 1.7 (PF case) and Rec = 460, 000.
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Fig. 15 Integral momentum and energy flow rates at x/Lb = 0.89 and x/Lb = 1.00 for different fuselage
configurations. Measurements for α = 0° = β = 0°.

respective flow rates, Fx , ÛEa, ÛEv , ÛEp , defined in Sec. II.D. The momentum and power flux densities were expressed as
ratio to D0 and D0V∞, respectively, where D0 is the measured drag of the BF, VTP-On case at α = β = 0°. Therefore,
the momentum and power terms were related to a reference drag and drag power associated to the baseline aircraft
configuration. In particular, in the calculation of D0 the drag of the fuselage strut was estimated through a 2-D viscous
flow solver (XFOIL, Ref. [31]) and subtracted from the balance measurements.

Fig.14a shows the momentum flux density, dFa = −dFx , which is positive for a local momentum excess and negative
for a local momentum deficit. Clearly, for the BF cases, dFa shows a momentum deficit in the fuselage boundary layer
and in the wake of the VTP on both survey planes. For the PF configuration, a momentum excess is found in the fan
slipstream while a strong momentum deficit is measured around the fuselage axis due to the onset of the vortical flow
already discussed. Similarly, the axial kinetic energy flux density, d ÛEa in Fig. 14b, shows that for the BF case the
kinetic energy flux is concentrated in the regions of momentum deficit (i.e. the fuselage boundary layer and the VTP
wake). However, for the PF case, d ÛEa shows relatively low values thanks to the axial velocity induced by the BLI fan.
Contrarily, as shown in Fig. 14c, the transverse kinetic energy flux density, d ÛEv , is relatively low for the BF cases. For
the PF case, the swirl velocity induced by the fan resulted in a strong d ÛEv , which reaches the maximum values in the
vortical flow region around the fuselage axis. Finally, the pressure work flux, d ÛEp in Fig. 14d, shows that for the BF case
the flow is expanded in the fuselage boundary layer at x/Lb = 0.89 and that the static pressure recovers substantially
already at x/Lb = 1. For the PF case, the static pressure slightly exceeds the freestream value in the fan slipstream while
very low pressure is found the vortical structure around the fuselage axis.

Fig. 15 reports the momentum and energy flow rates obtained as surface integrals of the flux densities discussed
above. As already discussed, the momentum and power terms are expressed in terms of D0 and D0V∞. It can be seen
that for the BF case at x/Lb = 0.89 a momentum flow rate equal to approximately 16% of the total aircraft drag was
measured in the survey plane. Moreover, Fx increased to almost 20% of D0 at x/Lb = 1. This suggests that a substantial
share of momentum in the fuselage boundary layer (around 20-25%), associated to the fuselage body drag, is dissipated
in the flow around the contracting aft-cone of the fuselage body. This shows very good consistency with the results of a
related study focussed on the study of the same fuselage geometry in a 2-D axisymmetric setup [16].

The kinetic energy flow rate, ÛEa, shows an opposite variation when moving from x/Lb = 0.89 to x/Lb = 1 for the
BF case, resulting in around 25% lower flow rate at the trailing edge. This is due to the contributions to ÛEa found in the
wakes of the VTP and of the fuselage support strut which are clearly visible at x/Lb = 0.89 and are much weaker at
x/Lb = 1. In fact, the results of a previous related work (Ref. [16]) have shown that, for the same fuselage geometry
without the VTP and the fuselage strut, ÛEa, has a similar value at x/Lb = 0.89 and x/Lb = 1. For the PF case, the value
of ÛEa was effectively reduced of around 50% at x/Lb = 1 compared to the BF case. The analysis of ÛEa shows that: first,
around 3-4% of the total aircraft drag power, D0V∞, is transported and dissipated in the wake of the aircraft; this values
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represent the ideal power benefit that could be achieved with a so-called ideal BLI propulsor (see Ref. [4]). Moreover,
the acceleration imposed by the BLI fan on the low-momentum fuselage boundary layer effectively reduces ÛEa and
hence the wake dissipation.

The transverse kinetic energy flow rate, ÛEv , shows very small values for the BF cases, due to the relatively small
in-plane velocity components. On the contrary, ÛEv is the dominant factor for the PF case, due to the relatively strong
swirl component in the fan slipstream. This component can be mitigated with an accurate design of the outlet vanes to
recover the swirl velocity induced by the fan stage. Finally, the pressure work rate, ÛEp , shows a negative value for the
BF cases, due to the fact that the flow accelerates (decreasing pressure) due to the fuselage curvature. The expanded
flow then undergoes a compression (increasing pressure) around the contracting aft-cone toward the trailing edge and
the associated pressure recovery results in a decreasing (in magnitude) pressure work rate at x/Lb = 1. The decrease in
ÛEp for the PF case due to the BLI fan is due to the low static pressure found in the core of the vortical flow around the
fuselage axis (see again Fig. 14d).

IV. Summary & Conclusions
This paper has presented an experimental analysis of an aircraft featuring a fuselage-mounted boundary-layer ingesting
propulsor representative of the CENTRELINE Propulsive Fuselage Concept. The wind-tunnel tests were carried out in
the low-speed wind-tunnel facilities of Delft University of Technology.
The goals of the experiment were:

1) To study the effect of the fuselage-mounted BLI propulsor on the overall-aircraft aerodynamic forces and
moments in all flight conditions.

2) To characterize the flowfield around the BLI propulsor and the aerodynamic interactions occurring between the
propulsor and the airframe.

The analysis of the experimental data shows that:
1) In cruise conditions (α = β = 0°), the effect of the BLI propulsor on the aircraft forces and moments are mostly

limited to the thrust–drag equilibrium. However, at incidence, the BLI propulsor showed a non-negligible effect
on both longitudinal and lateral-directional equilibrium.

2) In cruise conditions, the fuselage boundary layer represents the strongest distortion to the fan inflow while the
influence of the wing lift and downwash is secondary. The vertical tail plane (VTP) introduces a total pressure
deficit which can be decomposed in two contributions: the VTP viscous wake, with a restricted azimuthal
extension (−5° < φ < 5°), and the horseshoe vortex structure that develops at the fuselage-tail junction. The
VTP wake induces in-plane velocity components, associated with the wake contraction and spanwise crossflow,
which create non-negligible swirl at the BLI propulsor inlet.

3) In off-design conditions (α, β , 0°), the crossflow component around the fuselage contour introduces a
non-axisymmetric distortion characterized by low total pressure on the leeward side and high total pressure on
the windward side. At β = 4°, the vertical tail strongly affects the inflow field as it produces lift under the sideslip.
The associated total pressure distortion is characterized by sharp gradients in the azimuthal and radial directions.

4) The BLI propulsor strongly alters the flow around the fuselage aft-section. The flowfield is characterized by
regions of relatively high momentum (fan slipstream) and low momentum (hub vortex).

5) An axial momentum flow rate equal to 16% and 20% of the total aircraft drag was estimated at x/L = 0.89 and
x/L = 1, respectively, which represent the drag force associated to the fuselage body and VTP root section.
Moreover, the axial kinetic energy flow rate, ÛEa, varied from 4% to 3% of the aircraft drag power, D0V∞, across
the same planes. This indicates that a power saving of around 3-4% could be achieved through an ideal BLI
propulsor.

6) The axial momentum and kinetic energy flow rates at the fuselage trailing edge are substantially reduced by
the BLI propulsor, suggesting that the acceleration induced on the boundary layer flow by the BLI propulsor
effectively decreases ÛEa and hence the dissipation occurring in the aircraft wake.
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A. Performance of the Bare Fuselage configuration
This section provides a brief analysis of the aerodynamic performance of the bare fuselage (BF) configuration. External
balance measurements were taken to investigate the aerodynamic forces and moments acting on the overall configuration
at various operating conditions. Fig. 16 shows the coefficients for varying incidence angle (Fig. 16a) and sideslip angle
(Fig. 16a). The coefficients presented here take into account the forces and moments acting on the entire aircraft model,
the fuselage support strut and the exposed section of the wing struts.
Fig. 16a shows that:

1) CL increases linearly for α < 8°, after which a non-linear behavior is found, probably due to the onset of flow
separation on the wings. The tail installation have no meaningful effect on CL .

2) CD shows the expected quadratic trend against α, centered around the zero-lift angle. The tail installation
increases the CD with a bias that decreases with α.

3) CM linearly increases for α < 8°, similarly to CL . The tail installation has a negligible effect on CM .
Fig. 16b shows that:

1) CY non-linearly increases in modulus with β. Similarly, the VTP contribution linearly increases with β.
2) CN linearly increases with β. The contribution of the VTP also linaerly increases with β, due to the side-force

produced by the VTP.
3) CL non-linearly increases with β. The contribution of the VTP reduces CL , due to the side-force on the VTP.

To identify the main surface flow features at different operating conditions, the surface flow on the fuselage aft-cone
and vertical tail was visualized with a fluorescent oil flow visualization. Fig. 17 shows the surface flow for the BF
configuration in cruise conditions (α = β = 0°). The film oil pattern highlights the formation of a separation line on
the fuselage surface in proximity of the tail leading edge, which is linked to the onset of an horseshoe vortex. The
vortex structure bends around the tail leading edge and flows alongside the tail root, leading to corner flow separation
downstream. Moreover, the oil pattern on the vertical tail shows that the shear-lines curve outboard toward the trailing
edge. This is probably due to the onset of crossflow caused by the streamlines curvature typical of swept wings.

Fig. 18 reports the total pressure distribution at the trailing edge of the fuselage of the BF configuration in cruise
conditions. The fuselage boundary layer presents a distribution which is largely axisymmetric. The wakes of the VTP
and of the fuselage-support strut are clearly visibly on the top and bottom sectors, respectively. At this location, the
fuselage boundary layer edge is equal to approximately r/Rb = 0.7.
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a) Longitudinal equilibrium (β = 0º) b) Lateral-directional equilibrium (α = 0º)

Fig. 16 Aerodynamic forces and moments coefficients on the Bare Fuselage configuration. Balance measure-
ments taken at Rec = 460, 000.
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Fig. 17 Surface flow at the fuselage-tail intersection for the Bare Fuselage configuration in cruise conditions.
Oil-flow measurements taken at α = 0° = β = 0° and Rec = 460, 000.
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Fig. 18 Total pressure distribution at x/L = 1 for the BF, VTP-On case (back view). Total pressure measure-
ments at α = 0° = β = 0° and Rec = 460, 000.
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