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Power Balance Analysis Experiments on an Axisymmetric Fuselage

with an Integrated Boundary-Layer-Ingesting Fan

Biagio Della Corte,*® Martijn van Sluis,! Leo L. M. Veldhuis,?® and Arvind Gangoli Rao¥®
Delft University of Technology, 2629 HS Delft, The Netherlands

https://doi.org/10.2514/1.J060570

Boundary Layer Ingestion (BLI) is a promising propulsion integration technology capable of enhancing aircraft
propulsive efficiency. The Propulsive Fuselage Concept (PFC), a tube-and-wing configuration with an aft-fuselage-
mounted BLI propulsor, is particularly suited for BLI. Although extensively studied on a system level, the
aerodynamic performance of the PFC, resulting from the complex interaction between the airframe and the
propulsor, is still largely uncharted. In this paper, the results of wind-tunnel tests on a simplified PFC model are
presented. The model featured an axisymmetric fuselage body with an integrated BLI shrouded fan. Flowfield
measurements were performed through particle image velocimetry to analyze the key aerodynamic phenomena and
to assess the distribution of momentum and mechanical energy around the aft-fuselage propulsor. Results show that
the BLI fan alters the surrounding flowfield by increasing the mass flow in the inner part of the fuselage boundary
layer and by reducing the boundary-layer thickness. Moreover, the power analysis indicates that the potential benefit
of BLI is strongly dependent on the fan setting. Increasing the fan shaft power leads to a higher amount of power
dissipated in the near wake. However, an increasing share of the energy flux is associated with the momentum excess

contained in the wake.

Nomenclature
Cp, = bare fuselage drag coefficient
C, = axial kinetic energy deposition rate coefficient
C i, = pressure work rate coefficient
Ci, = radial kinetic energy deposition rate coefficient
C, = tangential kinetic energy deposition rate coefficient
Ce, = turbulence kinetic energy deposition rate coefficient
C; = kinetic energy deposition rate coefficient
Cp, = axial momentum flux coefficient
Cy = net axial force coefficient
Cp, = propulsor mechanical power input coefficient
C,, = total pressure coefficient
C, = static pressure coefficient
C; = total mechanical power outflow coefficient
Cy = viscous dissipation rate coefficient
L, = fuselage body length, m
M = Mach number
n = boundary-normal direction
)4 = static pressure, Pa
12 = total pressure, Pa
q = dynamic pressure, Pa
R, = fuselage body radius, m
Ry = fanradius, m
Re = Reynolds number
Rep, = fuselage length-based Reynolds number
Seef = reference area, m>
Sts = wind-tunnel test-section cross-sectional area, m?
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K = wall-normal distance, m

U,V,W = Cartesian components of V, m/s

Usp = fan tip speed, m/s

u, v, w = Cartesian components of V -V, m/s

Uy, Uy, = wall-tangential and wall-normal components of
V-V, m/s

\%4 = velocity vector, m/s

x, 1,0 = cylindrical coordinates

X, ¥, 2 = Cartesian coordinates

S99 = Dboundary-layer physical thickness, m

€ = uncertainty of particle image velocimetry measure-
ments, m/s

K = turbulence kinetic energy, m?-s?

u = air dynamic viscosity, Pa - s

p = air density, kg/m?

o = standard deviation of particle image velocimetry
measurements

Q = fan angular velocity, rad/s

@, = axial vorticity, 1/s

Subscript

o0 = freestream conditions

I. Introduction

OUNDARY Layer Ingestion (BLI) can enhance the aerody-

namic and propulsive efficiency of aircraft systems, promising
significant power saving benefits for future aviation. The propulsive
efficiency benefit achieved by operating a propeller in the wake of
a body has long been known and it was firstly theorized by Betz [1].
A milestone theoretical study on a wake-ingesting propeller related
the boundary-layer integral properties to those of the propulsor to
model the achieved power benefit [2]. A maximum propulsive benefit
of 20% was estimated for the ideal wake ingestion case, where the
propulsor is at the trailing edge of the body and its wake is fully
recovered. Moreover, Ref. [2] was the first to discuss the ambiguity
of the conventional thrust-drag bookkeeping and of the propulsive
efficiency for the wake-ingesting propeller. Therefore, the power
saving coefficient was proposed as an unambiguous performance
metric for integrated configurations. In fact, conventional perfor-
mance analysis based on the definition of thrust and drag is generally
not suited for the analysis of a BLI configuration, because of the tight
integration between the airframe and the propulsor [3]. On the
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contrary, the power balance method (PBM) is based on the mechani-
cal energy integral equation and it can be used to analyze integrated
configurations without the need to decompose the forces into drag
and thrust components [4]. Theoretical and numerical works applied
the PBM on wake and boundary-layer ingestion, showing that the
reason of the power benefit is twofold. First, the inlet kinetic energy
associated with the ingested boundary layer represents a power input
for the BLI propulsor. Second, the jet and wake viscous dissipation is
reduced, by introducing energy and momentum in the ingested
boundary layer instead of the freestream flow [5,6]. However, only
the first mechanism was experimentally demonstrated for a wake-
ingesting configuration [7].

In the last decade, BLI has been used in numerous aircraft design
studies. Experimental and numerical studies estimated a power ben-
efit of the order of 10% due to BLI for the MIT D8 aircraft [8,9].
Similarly, Reynolds-averaged Navier—Stokes (RANS) simulations
showed a benefit of 5% for the Nextgen Onera Versatile Aircraf
(NOVA) configuration proposed by ONERA [10]. Another example
of blended wing-bodies featuring BLI can be found in the Silent
Aircraft concept [11]. Among these configurations, the Propulsive
Fuselage Concept (PFC) is one of the most promising BLI designs
[12]. The PFC is a tube-and-wing aircraft where a BLI engine is
integrated at the aft section of the fuselage body. The PFC has
numerous advantages over other BLI concepts. First, the fuselage
geometry is well-suited for a BLI propulsor that can possibly ingest
the entire fuselage boundary layer. As a consequence, viscous losses
in the wake can be minimized as a large portion of the airframe
boundary layer can be energized [12]. In addition, the inflow dis-
tortion associated with the fuselage boundary layer could be axisym-
metric. Therefore, this distortion would not induce any unsteady fan
blade loading and the fan design can be adapted to minimize the fan
installation penalty [13]. Finally, the PFC is a relatively conventional
design that can ease the design and analysis while still providing a
first step toward unconventional aircraft configurations. For these
reasons, the PFC has attracted a broad interest in recent years. The
DisPURSAL project studied a PFC aircraft with the fuselage fan
powered through a gas turbine. A block fuel burn reduction of around
10% was estimated compared with an equivalent conventional design
[14]. More recently, the EU-funded CENTRELINE project proposed
a turbo-electric PFC design for a long-range passenger aircraft [15].
In cruise conditions, the electric-driven BLI fan has a power share
equal to approximately 30% of the total propulsive power, leading to
apower saving of around 5% over a conventional aircraft [16]. NASA
investigated a similar PFC configuration named the STARC-ABL
estimating similar power benefits [17].

The predicted aero-propulsive performance of the PFC relies on
computational fluid dynamics (CFD) simulations where the BLI
propulsor is often implemented through an actuator disk model
[14-16,18-20]. This model does not capture the effects of the
boundary-layer inflow on the fan performance, non-uniform blade,
and disk loading and of the swirl in the propulsor slipstream. Previous
experimental studies on the interaction between an axisymmetric
fuselage and a downstream propeller focused on the wake-ingestion
case, where the propulsor is placed far downstream of the body to
avoid any pressure field interactions [7,21]. Recently, an experimen-
tal work on an axisymmetric-body with BLI proposed a benchmark
for numerical modeling but did not investigate the aerodynamic field
in great details [22]. Moreover, no examples of experimental imple-
mentation of the PBM on an axisymmetric BLI configuration are
present in literature. For these reasons, the aerodynamics of BLI
applied on a fuselage body is largely uncharted and needs to be
studied with dedicated experimental investigations.

In this paper we discuss wind-tunnel experiments of a simplified
PFC configuration featuring an axisymmetric fuselage with a BLI
propulsor integrated with the fuselage aft section. The geometry of
the aft fuselage section of the model is based on the PFC configura-
tion proposed within the CENTRELINE project [16]. The shrouded
fan was designed to match the aerodynamic performance of the
CENTRELINE full-scale fan and the inflow boundary-layer proper-
ties [13]. The present study separated the main distortion component
(fuselage boundary layer) from the secondary ones (wing and tail

wakes), in an effort to obtain a direct measurement of the interaction
between the fuselage boundary layer and the BLI fan. The PBM was
applied on flowfield data measured with particle image velocimetry
(PIV) to understand how momentum and mechanical energy were
distributed in the boundary layer of the fuselage and how they were
affected by the BLI fan setting.

II. Methods

The aim of the work presented is to investigate the fundamental
aerodynamics of an axisymmetric BLI-fuselage configuration in
symmetric flow conditions. To this end, low-speed wind-tunnel tests
were employed to provide the relevant data. Given the scaling
limitations, the Reynolds number and Mach number characterizing
the wind-tunnel test did not match the expected full-flight-scale
conditions (corresponding to a Reynolds number based on the
fuselage length, Re;,, of 400 x 10° and a Mach number, M, of
0.82). However, the obtained data are considered relevant for the
understanding of the aerodynamics of fuselage-BLI for various
reasons. First, the BLI propulsor model was scaled to match the
fuselage boundary layer, which is relatively thicker because of the
Reynolds number effects (see Sec. I.A.4). Second, previous work,
e.g., Refs. [23-25], shows that the critical Mach number of axisym-
metric bodies at zero incidence angles is higher than the typical
commercial aviation cruise Mach number. As a consequence, com-
pressibility effects are not expected to substantially affect the
fuselage boundary layer.

A. Wind-Tunnel Facility and Model
1. Facility

The experiments were carried out at the Low Turbulence Tunnel
(LTT) of Delft University of Technology. This facility is an atmos-
pheric, closed-circuit wind tunnel with a closed test section. The
freestream turbulence intensity level is about 0.02% for a freestream
velocity within 10 and 40 m/s [26]. The test section features an
octagonal cross section with a width of 1.8 m and a height of 1.25 m.

2. Model Setup

The tested model features an axisymmetric fuselage equipped with
a shrouded fan integrated with the fuselage aft section. Photographs
and technical drawings of the setup are presented in Figs. 1 and 2.

This setup has three main advantages: first, the effects of the
fuselage boundary layer could be isolated from those of other inlet
distortions sources, such as wing and tail surfaces; second, the
fuselage boundary layer would produce, ideally, a purely radial
distortion and an uniform blade loading, hence minimizing unsteady
phenomena; finally, the forces acting on the fuselage—fan assembly
could be directly measured by means of an external six-component
balance. The fuselage and the shrouded fan were connected to the
external balance through a support beam, housed inside the fairing on
the upper side of the fuselage. A second fairing was mounted at the
bottom of the setup to enhance the setup symmetries. The fairings
were directly bolted to the test-section walls, and a gap of 1 mm
ensured no contact with the fuselage model. Hence, only the fuselage
and fan assembly were sensed by the external balance. This rendered
unnecessary any tare procedure to remove the forces acting on the
support structure from the total balance readings.

3. Fuselage Model

The axisymmetric fuselage body featured a radius R;, of 80 mm
(at the central, cylindrical part) and a length L, equal to 1776 mm.
A turbulent boundary layer was ensured through zigzag turbulator
tape with a slope of 60°, thickness of 0.4 mm, and width of 12 mm
installed at x/L;, = 5%. The effectiveness of the transition strips and
the uniformity of the transition behavior around the entire fuselage
contour were checked through the use of a stethoscope. The fuselage
aft section could be arranged in two geometrical configurations, the
bare fuselage (BF) and the powered fuselage (PF), sketched in Fig. 3.
The BF configuration consisted of the baseline fuselage contour
without the shrouded fan, whereas the PF configuration was obtained
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Fuselage Fairings
(metric) (nonmetric)

zhrouded fan
(metric)

b) Shrouded fan

Zig-zag strip

a) Isometric assembly view ¢) Fairing-fuselage interface

Fig. 1 Wind-tunnel model setup used during the experiments in the Low Turbulence Tunnel of Delft University of Technology.
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Fig. 2 Technical drawing of the wind-tunnel setup used during the experiments in the Low Turbulence Tunnel of Delft University of Technology.
(Dimensions are in millimeters.)
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a) Bare Fuselage (BF)

b) Powered Fuselage (PF)

Fig. 3 Fuselage aft section geometrical configurations as tested in the
wind-tunnel experiments.

by mounting the shrouded fan onto the BF. The aft-cone geometry
was adapted from the design of the CENTRELINE PFC (see,
e.g., [15,16]).

4. Fan and Shroud Model

The PF aft-cone was equipped with a shrouded fan, of which detail
drawings are presented in Fig. 4. The fan was driven by a three-phase
electric motor, housed inside the fuselage aft section. During the
measurements, the fan angular velocity, Q, was measured through an
US Digital optical encoder mounted on the motor shaft. The fan
model featured a 12-bladed rotor with a tip diameter, R, of 37.6 mm
(R/R, = 0.47). The hub radius was equal to 15.4 mm, resulting in a
hub-to-tip radii ratio of 0.41 and a blade height of 22 mm.

The fan was sized to ensure aerodynamic similarity with the full-
scale CENTRELINE PEC. Because of the differences in Reynolds and
Mach numbers between the wind-tunnel scale and full-scale condi-
tions, the boundary layer is expected to be larger relatively to the
fuselage in the wind-tunnel test. Therefore, the fan diameter was
adapted to the scaled boundary-layer thickness to achieve the same
ratio of momentum thickness to fan blade height as the full-scale
CENTRELINE configuration. The blade geometry was optimized at
the same design point of the full-scale fuselage—fan, which is installed
on the full-scale CENTRELINE PFC [13]. At the wind-tunnel scale,
the design point was characterized by Uy, /V o, = 1.64, where V, is
the freestream velocity and Uy, = QRj is the fan tip speed. A more
detailed discussion of the design procedure can be found in Ref. [27].

The shroud contour was adapted from the CENTRELINE design.
The tip gap was equal to 0.75 mm (approximately 1% of the fan tip
diameter). The shroud inlet featured five inlet vanes, as shown in

Fan blade

Inlet vane

a) Isometric front view

I%D%(_\

75.16 mm
121 D

D=

¢) Section view

Fan blade

Outlet vane

Inlet vane

I

0.87¢

Fig. 4a. The inlet vanes featured a symmetric airfoil section with a
rectangular planform. The vanes had a structural function and were
not optimized to de-swirl the flow. Two shroud outlet configurations
were tested: 1) one featuring five outlet vanes to which the nozzle
plug was mounted (showed in Fig. 4b); 2) one without the outlet
vanes, in which the nozzle plug was rotating integrally with the fan.
The outlet vanes design (airfoil shape and blade geometry) was
adapted to the measured swirl angle in the fan slipstream to avoid
detrimental effects on the flowfield (e.g., flow separation on the outlet
vanes). However, the outlet vanes were not optimized to completely
recover the swirl in the fan slipstream.

5. Fairing Configuration

The fairings featured a NACA 66,4-021 airfoil section and a
rectangular planform with a chord length of 236 mm. The inboard
tip of the fairings featured a curved surface following the fuselage
contour. A radial gap of 1 mm was ensured from the fuselage contour
to avoid material contact. The inboard tips also featured an elliptical
leading-edge fillet (see Fig. 1) to reduce the distortions introduced in
the flow by the fairing. The bottom fairing did not have any structural
function and was employed to reduce the effects of the fairings on the
flowfield around the fuselage aft section. More details of the fairing
design were presented in a previous related work [28].

B. Measurement Techniques
1. Balance Measurements

The external six-component balance was used to measure the
aerodynamic forces and moments acting on the model. Because the
fairings were directly bolted to the wind-tunnel walls and no material
contact was allowed between the fairing and the fuselage, only the
fuselage model was sensed by the balance. Therefore, the balance
readings directly provided the net force acting on the fuselage—fan
assembly. The measurements were averaged out over a time of at least
10 s to filter out fluctuations due to turbulence or vibrations. Force
coefficients are computed using the freestream dynamic pressure, g,
and the fuselage surface frontal area, S, = JTR%, as reference values.

To assess the data uncertainty due to various error sources (e.g.,
random error, variations in ambient and freestream conditions, model
surface contamination, turbulence fluctuations) the same measure-
ments were replicated in various runs. A maximum deviation of 0.006
was found for the axial force coefticient Cy, approximately equal to
4% of the BF drag coefficient Cp,, .

b) Isometric back view

0.59¢
Fan blade

Outlet vane

0, 86 c

S

d) Cross-section at 50% span

Fig. 4 Detail drawings of the fuselage-mounted shrouded fan.
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Because the focus of the balance measurements was to assess the
effect of the BLI propulsor relatively to the bare configuration, wind-
tunnel wall and model blockage corrections were not employed.

2. Particle Image Velocimetry Measurements

Stereoscopic particle image velocimetry (PIV) was used to mea-
sure the three velocity components in two different planes, which
are shown in Fig. 5. Table 1 summarizes the main parameters of the
two PIV setups. The wake-plane field of view (WP-FoV) shown in
Fig. 5a, was orthogonal to the freestream velocity direction and
placed at a distance of 1R, from the fuselage trailing edge (corre-
sponding to x/L; = 1.05). The velocity data measured in this plane
were used to obtain a 3-D wake analysis. In addition, the symmetry-
plane field of view (SP-FoV) shown in Fig. 5b allowed a more
detailed analysis of the flow around the fuselage propulsor. The
velocity data obtained in the SP-FoV plane were used to analyze the
momentum and mechanical energy distribution in the fuselage
boundary layer and around the BLI propulsor.

For both planes, two LaVision Imager sCMOS cameras were
used in a stereoscopic setup. These cameras feature a 16-bit
2560 px x 2160 px sensor and have a maximum acquisition fre-
quency of 50 Hz. The cameras were equipped with Nikon 105 mm f/
2.8 AF-D Micro Nikkor lenses and with LaVision Scheimpflug
Adapters. During all the measurements, the aperture was set to /8.
The airflow was seeded with Safex Inside Nebelfluid and via a Safex
Twin Fog smoke generator. [llumination was provided by a Quantel
Evergreen double-pulse Nd: YAG laser. A laser sheet with a thickness
of around 2.5 mm was obtained through standard laser optics.

Images acquisition was controlled via LaVision DaVis 8.4 soft-
ware and synchronized via a LaVision USB Programmable Time
Unit. The pulse separation was set in order to achieve a freestream
particle displacement of around 10 px. For each case, sets of 1000—
1500 image pairs were recorded at around 10 Hz. In cases with
powered fan, the acquisition frequency was set to avoid phase-lock-
ing with the fan blades. Post-processing of particle images was also
performed in LaVision DaVis 8.4 with an iterative multipass corre-
lation algorithm with a decreasing window size [29]. For each case,
the instantaneous vector fields were averaged to obtain the ensemble-
average velocity measurement. For the SP-FoV case, the PIV setup
(laser optics and cameras) was automatically translated in the axial
direction thanks to an electronic traversing system. To obtain a
sufficient spatial resolution in a large domain, the SP-FOV field
was obtained by measuring the velocity in two coplanar domains.
The two vector fields were subsequently stitched together.

The uncertainty of the PIV measurements was estimated for each
measured vector during the correlation operation, using a statistical
analysis of the image pair correlation results [30]. The uncertainty
values for the average flowfield were obtained by averaging out the
uncertainty fields of each instantaneous field. The maximum value of
the uncertainty on the velocity magnitude and on each of the velocity
components is reported in Table 1. The uncertainty was subtracted
from the computation of turbulence statistics like the turbulence
kinetic energy.

3. Total Pressure Measurements

Total pressure measurements were carried out in the wake of the
model using a rake consisting of 44 total-pressure probes. The

a) Wake-Plane Field of View (WP-FoV)

Table1 Summary of the main parameters of the particle
image velocimetry setups

Parameter WP-FoV SP-FoV
Imaging

Focal length [mm] 105 105

Aperture /8 /8

Digital resolution [px/mm] 12.08 12.20
Acquisition

Pulse delay [us] 20 10

Number of image pairs >1000 1500
Processing

Interrogation window [px X px] 32x32 24x24

Overlap factor [%] 50 75

Spatial resolution [mm] 0.25 0.40
Uncertainty

u component uncertainty €, /V , [%] 0.5 0.6

v component uncertainty €,/V, [%] 0.6 0.8

w component uncertainty €,,/V , [%] 0.6 0.9

Velocity magnitude uncertainty ey /V o, [%] 0.9 1.1

scanned plane coincided with the WP-FoV PIV plane of Fig. 5.
The probes were non-evenly distributed with a minimum lateral
spacing of 3 mm (equal to 3.75% of R,,) at the center of the rake.
The rake was traversed in the vertical direction with a minimum step
size of 0.5 mm (0.625% of R, at the fuselage center and gradually
increasing at larger z positions (see Fig. 2). Ateach scanned position,
total pressure measurements were acquired with an electronic pres-
sure scanner for a period of 10 s and time-averaged to obtain each
single data point. During each measurement, the freestream condi-
tions were measured through a static Pitot probe positioned at the test-
section inlet and recorded simultaneously using the same pressure
scanner. Each wake-rake measurement was nondimensionalized with
the corresponding freestream values to obtain the total pressure
coefficient C\,, = (p; = P1,00)/ oo

C. Analyzed Cases

All the measurements were taken at symmetric inflow conditions,
i.e., for a zero incidence angle. The freestream velocity V, was
varied from 15 to 40 m/s (corresponding to a Reynolds number
based on the fuselage length, Re;,, between 1.7 X 10° and 4.7 x
10° and a freestream Mach number M, between 0.04 and 0.12) in
combination with the fan angular velocity, £, to control the operating
fan tip speed ratio. In powered conditions, the ratio between the
measured net axial force and drag of the BF was used as an indepen-
dent parameter to characterize the operating condition.

D. PIV-Based Momentum and Power Analysis

The Power Balance Method (PBM) [4] was applied to the PIV data
obtained in the SP-FoV. Figure 6 shows a sketch of the domain and
notations defined for the analysis.

1. Pressure Reconstruction

The static pressure field was inferred from the PIV data by solving
the Poisson equation for the pressure (see, e.g., [31] for areview of the

/

PIV plane

/

b) Symmetry-Plane Field of View (SP-FoV)

Fig. 5 Stereoscopic particle image velocimetry measurement setup.
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method). The general form of the equation is obtained by deriving the
pressure gradient in space:

ov
Vip=V.-Vp=V- (—p;—p‘LVV-F/JVZV) ()

The particular formulation used in the current study was obtained
from this form by making some simplifying assumptions. First, since
only phase-uncorrelated PIV data were used, the flow was assumed to
be steady (0/0t = 0). Moreover, the flow was assumed incompress-
ible (p = pg, V - V = 0). Lastly, the flow was assumed axisymmet-
ric (0/00 = 0). In cylindrical coordinates, {x, r, 8}, the following
Poisson equation was obtained (derived from Ref. [32]):

_ ou 20v0u+ @
= Py \ox ox or or
LLF L P o (w
orox oxor or\ r

0 d v
—V? —(Vv—= 2
+”°°{6x u+0r( v rz)} @

The equation was solved in the domain using the finite-difference
method of Ref. [33]. Spatial derivatives were computed with a three-
point central scheme. Dirichlet and Neumann conditions were
applied at the domain boundaries. At the boundaries in the isentropic
flow region, “Side Cylinder” of Fig. 6, placed at r/R;, = 1.35, the
static pressure distribution was computed from the velocity by
assuming p;, = p; .. At all other boundaries, “Domain Inlet,”
“Domain Outlet,” “Fan Inlet,” “Fan Outlet,” and “Body Surface” of
Fig. 6, Neumann conditions were applied. On these boundaries, the
static pressure gradient in the boundary-normal direction, n, was
obtained from the PIV data. Finally, the total pressure field was
calculated from the static pressure and velocity fields using the
incompressible Bernoulli’s equation.

The inferred pressure field is affected by a stochastic uncertainty
originating from the uncertainty of the PIV data that nonlinearly
propagates through the numerical process. The uncertainty of the
pressure data was estimated by a stochastic Monte Carlo approach,
analogously to Ref. [34]. The approach consisted of computing the
pressure field from a number of synthetic velocity fields obtained by
perturbing the measured PIV data with a pseudo-random uniform
error with a magnitude equal to the uncertainty of the PIV data. A
converged statistics was reached in 10,000 iterations, and the maxi-
mum standard error on the C,, was equal to 0.06.

0*u 0*v
tueEtior

2. Momentum and Power Analysis

The power analysis of the flowfield followed the definitions and
notations of the PBM [4]. Nevertheless, a brief description of the
terms and definition used in the analysis is reported here. The power

balance equation can be simplified for the current application and
presented in a nondimensional form

Cp,=C: +Cy 3)

where C P> Ces and C, are, respectively, the nondimensional pro-
pulsor mechanical power input, total mechanical power outflow,
and viscous dissipation rate. The coefficients were obtained by
normalizing with the factor ¢,V .S, Following Ref. [4], C; can

‘Se/() /0 ( Ly
ref }

and decomposed in

Cp,) rdédr “4)

Cé = C‘pr + CE (5)

where Cr_and Cj, are, respectively, the axial momentum flux and
kinetic energy deposition rate coefficients. Cr_and C; represent the
net axial momentum and kinetic energy fluxes across the Survey
Plane of Fig. 6.

In particular, the axial momentum flux coefficient Cy. , positive for
a thrust excess, was obtained following the approach of Ref. [35]:

1 [o [2 2 2 2
(o )
Sref 0 0 Voo Voo Voo
(0)
where u, v, and w are the components of the perturbation velocity
defined by (U, V, W)= (u + V, v, w).

The wake blockage effect was taken into account following
Ref. [36] for the calculation of the correction ACp :

A

where u, is the blockage velocity, defined as

e A

where St is the wind-tunnel test-section cross-sectional area and U™

is defined by
U*\2 U \2
=(—) -C
(v.) = () -e 0

Similarly, C; was decomposed as

AFA

U*
SV - —) rdodr 7
ref

U ——)rd@dr 8)

Cp=Cp, +Cp +Cp +C (10)
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where Cp, ,C; , Cp ,and Cj; are, respectively, the axial, radial, and
W B TE, »
tangential kinetic energy deposition and pressure work rates:

2 %
ref/ / ( T )rd@dr an
21 l
/ / ( 12 )rdedr (12)
ref §
2 =
mt/ / ( ooéVZ )rdedr (13)
2
/ / (—C )rdﬁdr (14)
ref

Finally, the turbulence kinetic energy flux across the survey plane

was computed as
/‘ /' 2 (
ref

where « is the turbulence kinetic energy; « is computed from the PIV
measurements as

)rd@dr (15)

KZ%(O% + o2 +O‘%L,) (16)

where o,, 0,, and o, are the standard deviations of the velocity
components. Any unsteady component of the flowfield also contrib-
utes to the estimation of the standard deviation and hence to the
turbulence kinetic energy.

III. Results

The aerodynamic performance of the PFC configuration is the result
of the complex interaction between the fuselage airframe and the aft-
fuselage mounted fan. The pressure and velocity field induced by the
fan affects the flowfield downstream and upstream of the fan itself. To
capture the aerodynamic response of the overall configuration and the
subsystem interactions, different measurement techniques were used
with different objectives. Balance measurements were used to quantify
the overall system performance that, in the analyzed cases, are char-
acterized by the net axial force acting on the fuselage—fan assembly.
Total pressure and PIV measurements assessed the 3-D time-averaged
flowfield in the wake and around the BLI propulsor. These flowfield
data served to quantify the momentum and power distribution around
the fan and in the near wake.

A. Configuration Performance

Balance measurements were performed for a range of fan operating
conditions, defined by the fan tip speed ratio Uyp,/V . At each fan
speed setting, the net axial force being exerted on the fuselage—fan
assembly was measured. As already explained in Sec. ILB.1, the net
axial force of the fuselage—fan assembly was a direct output of the
external balance. The net axial force coefficient is defined as
Cy = N/(qeSret), With the axial force N positive for an excess of
thrust. The drag coefficient of the BF configuration, Cp,, is used as
reference. The ratio Cy /C)p, is a measure of the net momentum excess
due to the powered configuration with respect to the momentum deficit
of the baseline fuselage configuration. To achieve measurements in the
desired range of Cy/Cp,, the freestream velocity was changed in
combination with the fan shaft speed, leading to a variation of the
fuselage length-based Reynolds number Re,, between 3.5 X 10° and
4.7 x 10°. To minimize the effects of the changing Reynolds number,
the drag coefficient of the BF was also assessed at the same freestream
velocities and used to obtain the non-dimensional fraction.

Figure 7 shows the fuselage—fan net axial force coefficient against
the fan tip speed ratio for different freestream velocities. The plot of

W

Re, =3.5x10°

b
e Rey =41x10°
[ Rey =47X10°

e =
(9] [e]

Axial force coefficient Cy/ Cp,
S
=)

1.0 1.5 2.0 2.5
Fan tip speed ratio Uy, /Vi

Fig. 7 Net axial force coefficient for different fuselage—fan operating
conditions. External balance measurements taken at different freestream
velocities V.

Fig. 7 shows that Cy non-linearly increased with increasing Uy, /V o .
Ataround Uy, /V, = 1, the fuselage—fan assembly produced a net
force equal to that of the bare-fuselage drag resulting in
Cy/Cp, = —1. Therefore, at this condition, the net effect of the
fan installation on the measured axial force was zero. The axial
equilibrium condition (Cy = 0) was reached for Uy, /V,, = 1.84.
For higher tip speed ratios, the net force became positive, meaning a
thrust excess. The curves were measured at three different freestream
velocities and Reynolds numbers and do not fall perfectly on each
other, although being expressed in nondimensional parameters. This
is due to the effect of the Reynolds number on the airframe and fan
force coefficients. In particular, an increase in the Reynolds number
resulted in an upward shift of the curve, in agreement with what found
in Ref. [37]. The net axial force is the integral of the pressure and
shear stresses on the fuselage and propulsor surfaces. In general, the
integral over the fuselage and shroud surfaces gives a negative
contribution to Cy, whereas the integral over the fan blades gives a
positive contribution. At a fixed Uy, /V &, increasing the Reynolds
number produces, in absolute values, a reduction of the airframe
contribution and an increase of the fan contribution. Dividing Cy by
Cp,» as in the plot of Fig. 7, partially compensates this Reynolds
number effect because it accounts for the change of the airframe
contribution. On the other hand, the effect that the Reynolds number
had on the fan contribution is not compensated, resulting in the
upward shift of the curves in the plot of Fig. 7.

B. Flowfield Analysis in Axial Equilibrium Conditions
1. Wake Flowfield

Velocity and total pressure measurements were carried out in the
WP-FoV plane as described in Secs. I.B.2 and I1.B.3. Figure 8 shows
the distributions of the total pressure and of the axial, transverse (sum
of the tangential and radial components), and turbulence kinetic
energy flux densities in the wake. Data are shown for the BF case
(left subplots of Fig. 8) and the PF cases (central subplots of Fig. 8). In
addition, the difference between the BF and the powered case is
shown in the right subplots of Fig. 8. Because the fan was equipped
with outlet vanes (see Fig. 4d), the wakes of the vanes were clearly
visible even in the phase-averaged field. Because of the swirl in the
propulsor slipstream, the azimuthal position of the outlet vanes wakes
was a function of the axial distance between the outlet plane and the
survey plane. To have a consistent comparison of the powered and
unpowered cases, the fan slipstream was azimuthally averaged.

Figure 8a (left) shows that the total pressure distribution in the wake
of the BF configuration deviated from being axisymmetric because of
the junction flow generating at the fuselage-fairings intersection. The
interaction of the fairing pressure field and the upstream fuselage
boundary layer created a pair of horseshoe vortex structures, symmet-
ric around both the xz and xy planes. These vortices entrained high-
momentum flow inside the fuselage boundary layer, producing the C),
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Fig. 8 Momentum and power decomposition in the WP-FoV plane for the bare fuselage case (BF), powered fuselage case at Cy = 0 (PF), and their
difference (PF—BF). Total pressure and PIV measurements at Re;, = 4.7 X 10°.

pattern reported in the left subplot of Fig. 8a. The effect of the fuselage—
fairing junction flow is also recognizable in the axial kinetic energy
distribution shown in Fig. 8b (left). In the wake of the BEF, the axial
kinetic energy flux reached the highest values in the flow regions of
low total pressure. The transverse and turbulence kinetic energy dis-
tributions, shown in left subplots of Figs. 8c and 8e, respectively, are
instead relatively low in the BF case.

In the PF case, the total pressure distribution (central subplot of
Fig. 8a) was equal or higher than the freestream value in the fan
slipstream. This was due to the momentum increase introduced by the
fan. However, a very low total pressure value was found close to the
axis, due to the onset of rotational flow around the fan hub. In fact, as
Fig. 8d (center) shows, high axial vorticity was found in the PF case in
proximity of the axis. This vortical flow also resulted in a large
transverse kinetic energy (Fig. 8c). Because of the conservation of
angular momentum, when a fluid particle moves toward the fuselage
axis, its angular velocity linearly increases to keep the angular
momentum constant. To compensate for the increasing centrifugal
force, the centripetal pressure force, proportional to the pressure
gradient in the radial direction, increases with the square of the
angular velocity. As a consequence, the static pressure and the axial
velocity significantly decreased toward the fuselage axis. Moreover,

the associated velocity gradient enhanced the viscous losses and the
viscous core of the vortical structure is clearly identifiable from
Fig. 8c (center), where the transverse energy linearly decreased to
zero from r/R;, = 0.1 toward the axis. The turbulence kinetic energy
was also substantially increased by the fan in the powered conditions,
as shown in Fig. 8e. In particular, the highest turbulence intensities
were measured close to the axis, in coincidence of the vortical
structure described above. The ensemble-average flowfields shown
for the powered cases are obtained by averaging out phase-free
instantaneous PIV images. Therefore, the unsteadiness of the flow-
field, due to the fan blades slipstream, contributed to the standard
deviation of the instantaneous velocity fields and hence affected the
estimation of the turbulence statistics.

2. Symmetry Plane Flowfield

To visualize the flowfield around the propulsor and quantify the
development of the fuselage boundary layer across the fan plane,
the velocity field was measured in the horizontal symmetry plane of
the model (SP-FoV PIV setup of Sec. IL.B). Figure 9 shows the
mean and turbulent flowfields around the fuselage aft-cone section
for the BF case and the PF case in axial equilibrium condition.
Phase-uncorrelated PIV measurements were taken at a freestream
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velocity of 20 m/s, and for the powered configuration without
outlet vanes mounted. Therefore, a direct quantitative comparison
with Fig. 8 is impossible because of the flowfield induced by the
outlet vanes.

Streamlines projections for both the BF and PF cases are shown in
Fig. 9a. Because the flow is 3-D, these do not coincide with the actual
streamlines in the flow regions where swirl component was not zero.
Comparing the two cases, it is possible to appreciate the key effects of
the fuselage—fan on the surrounding flow. First, upstream of the fan,
the boundary-layer flow is directed inboard, because of the locally
increased mass flow rate due to the fan suction. Second, downstream
of the fan, the boundary layer contracts as a consequence of the fan
slipstream contraction. Further downstream, due to the onset of the
vortical flow structure already described in Sec. LILB.1, the fan
slipstream is displaced outboard before leaving the fuselage trail-
ing edge.

Figure 9b shows the total pressure coefficient for the BF case (left
subplot) and the PF case (right subplot). The total pressure field was
inferred from the PIV measurements via the method discussed in
Sec. ILD.1. The turbulent boundary-layer flow around the BF is
clearly visible and characterized by a total pressure value lower than
the freestream. The boundary-layer physical thickness, 8¢9, defined
as the radial position at which p,/p,,, = 0.99, was estimated at
y/R;, = 0.67 at the fan location (x/L = 0.94) for the BF case. The
total pressure distribution for the PF case for Cy = 0 is shown in
Fig. 9b (right). The contour shows that the fuselage boundary layer is
larger than the fan, and approximately 30% of dq9 is not ingested by
the propulsor. Downstream of the fan, the total pressure is higher than

the freestream value due to the momentum addition of the fan. In
addition, the edge of the fuselage boundary layer is thinner than in the
BF case and contracts more toward the fuselage trailing edge as a
consequence of the local negative axial pressure gradient and slip-
stream contraction (see again Fig. 9a). At the shroud trailing edge, the
viscous boundary layer over the shroud external surface mixed with
the fan slipstream, creating a relatively sharp mixing layer with strong
total pressure and velocity gradients.

Figure 9c shows the axial disturbance velocity component,
u = U -V, for the BF case (left subplot) and the PF cases (right
subplot). The effect of the BLI fan propagates upstream of the shroud,
where the boundary-layer flow is accelerated when compared
with the unpowered case. Obviously, the slipstream of the fan also
shows an increased velocity due to the imposed momentum increase.
Moreover, the interaction between the shroud and the fuselage outer
boundary-layer flow is clearly visible. The stagnation points at the
leading and trailing edges of the shroud, as well as the suction and
compression around the shroud contour can be seen (see right sub-
plots of Figs. 9a and 9c¢).

The out-of-plane velocity component is shown in Fig. 9d. The
distribution of w across the shroud exit is non-uniform, and follows
the blade loading distribution with the highest values found around
the fan tip (see right subplot of Fig. 9d). As we move downstream
toward the fuselage trailing edge, higher out-of-plane velocities are
found, due to the slipstream contraction and the conservation of
angular momentum. In addition, a strong increase of tangential
velocity was measured at the trailing edge of the fuselage due to
the onset of a vortex, as discussed in Sec. III.B.1. In the PF case
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Fig.9 Flowfield around the fuselage-mounted propulsor. BF case (left) and PF case (right). PIV measurements in the SP-FoV planeat V, = 20 m/s. PF

case at Cy = 0 and without the outlet vanes.
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(right subplots of Fig. 9), this vortex structure was enhanced by the
fact that the trailing edge of the fuselage was spinning together with
the fan and hence introducing angular momentum in the flow.
Moreover, the outlet vanes did not influence significantly the vortex
structure. This can be confirmed by comparing qualitatively Figs. 8a
(center) and 9b (right), which show the total pressure distribution
for the PF case with and without outlet vanes, respectively. In both
cases, a total pressure deficit of similar strength and extension was
found around the fuselage axis. This could be because the outlet
vanes did not significantly alter the swirl distribution due to their
design.

The hub vortex structure also features a relatively high turbulence
level, as testified by Fig. 9e (right). Turbulence kinetic energy was
also measured in the shear layer between the fan slipstream and the
outer fuselage boundary layer.

To analyze the effect of the BLI fan on the local boundary-layer
flow, boundary-layer profiles are shown for the BF and the PF at
Cy = 0in Fig. 10. The location of the survey stations is sketched in
Fig. 10a, whereas Fig. 10b shows the streamlines projections
upstream and downstream of the shroud. The plots of Fig. 10c
confirm that the upstream effect of the BLI fan on the total pressure
distribution is weak. However, a strong effect is found on the velocity
field, due to the pressure field imposed by the fan. This results in an
increased wall-tangential velocity u, in the inboard region of the
boundary layer and in the onset of a negative (i.e., inboard) normal
velocity component u,,. Downstream of the propulsor, the effect of
the BLI propulsor to the local flow is much stronger, as shown in
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Fig. 10d. In particular, two key effects can be understood from the C),,
profile: first, the high-momentum flow (C,,, > 0) carried by the fan
slipstream entrains the boundary layer, increasing the total pressure
also outside the fan slipstream itself compared with the BF case.
Second, the boundary layer in the PF case becomes thinner than the
BF case, due to the local slipstream contraction. In particular, at
station B, the physical boundary-layer thickness dq9 decreases from
0.67R,, for the BF case to 0.56R,, for the PF case, resulting in a 15%
thinner boundary layer.

3. Power Balance Across the BLI Propulsor

The PBM was applied to these flowfields in order to quantitatively
assess the integral momentum and power fluxes (or deposition rates)
across the propulsor location. The control volume and notations
defined in Fig. 6 of Sec. IL.D were used for the integral analysis of
the flowfield. The momentum and power fluxes were computed on a
survey plane perpendicular to the freestream velocity direction mov-
ing from the domain inlet to the domain outlet along the axial
direction x (see Fig. 6).

Figure 11 shows the variation of the integral momentum and power
deposition rates along the fuselage axis for the BF and the PF cases in
axial equilibrium. For the PF case, the integral values are discontinu-
ous across the shroud location as the velocity and pressure data inside
the shroud are missing. Figure 11a shows the axial momentum flux
coefficient Cf, as a function of the axial position x/ Ly, as defined by
Eq. (6) in Sec. ILD.2. Cp_ represents the amount of axial momentum
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Fig. 10 Boundary-layer profiles for the BF and PF cases. PIV measurements in the SP-FoV plane at V, = 20 m/s. PF case at Cy = 0 and without the

outlet vanes.
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deficit (or excess) in the flow at the specific axial position, and it is
linked to the configuration drag (or thrust). For the BF case, Cy_ is
always negative and is monotonically increasing in absolute value
due to the viscous dissipation taking place in the fuselage boundary
layer. Interestingly, Cr, showed a relatively quick change in slope as
we move toward the trailing edge (x/L; = 1) and kept decreasing at
the same rate in the near wake (x/L, > 1) up to the end of the field of
view. For the PF case, the momentum deficit upstream the shroud was
increased by around 10% with respect to the BF case due to the
detrimental interaction effects of the operating shrouded fan. Across
the propulsor, the momentum flux showed a step change due to the
addition of momentum in the flow by the fan. In this measured case,
even though the balance measured a zero axial force, the thrust
provided by the fan exceeded the fuselage momentum deficit, result-
ing in a momentum excess in the fan slipstream.

Figure 11b shows the variation along the axis of the total mechani-
cal energy flux C; and the kinetic energy deposition rate C, obtained
as the difference between C; and Cy_ (see Egs. (4-10) of Sec. I.D.2).
C; and C; varied along the fuselage axis similarly to Cp_ both for the
BF and PF cases. For the BF case, C; monotonically decreased when
moving downstream, driven by Cr_(see Eq. (3)). On the other hand,
C;; increases with x, growing from approximately 0.016 upstream
the fan, to 0.019 at the fuselage trailing edge and to 0.020 at
x/L, = 1.05. The power balance of the BF can be obtained by
simplifying Eq. (3) to —Cp, = Cj; + C,. At the trailing edge of the
fuselage (x/L;, = 1), C;;/ — Cr_ = 0.13, which means that approx-
imately 13% of the total power losses occurs in the wake of the
fuselage. This value also represents the ideal power benefit of BLI for
the fuselage model, achievable with an ideal BLI propulsor that
entirely recovers the energy deficit in the fuselage boundary layer.
Note that this benefit refers to the power needed to propel the fuselage
only and needs to be scaled to the whole aircraft level if required. The
value of C; for the powered configuration upstream the fan was
higher than for the BF case, due to the suction that the fan imposed to
the upstream boundary-layer fluid. Across the shrouded fan, the
mechanical power flux coefficient C;, experienced a jump, which is
linked to the mechanical power transmitted by the fan into the fluid.
C; shows a slight increase immediately downstream of the shroud
exit. This is thought to be due to the influence of the spinning nozzle
plug, which introduced tangential momentum in the flow. This
resulted in an increase of C; without adding to the axial momentum
flux. This is corroborated by Fig. 12c. Also C}, showed a jump across
the fan and approximately 23% of the total mechanical power intro-
duced by the BLI fan accounted for the C; component and sub-
sequently dissipated in the wake.

C}; is the sum of the four different terms defined in Egs. (11-14)
which are the power fluxes associated with the three velocity com-
ponents and the static pressure work. Figure 12 shows how each
individual term varied along the fuselage axis for both the BF case
and PF in axial equilibrium case. The discontinuity in the curves for
the PF cases is due to the missing flowfield data inside the shroud. By
comparing the curves upstream the shroud leading edge for the two
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cases, it can be seen that the effect of the BLI fan was to accelerate the
incoming flow, producing a decrease in modulus of both C;; and €z
(Figs. 12a and 12d). At the same time, an increase of C £ (Fig. 12b)
was measured, due to the induced radial flow component already
discussed (see Fig. 10c). Downstream the shroud outlet, the tangen-
tial kinetic energy flux Cp (Fig. 12¢) strongly increased in the
powered case as a consequence of the tangential momentum intro-
duced by the fan blades becoming the dominant component of C;. In
a more realistic case at full-flight scale, this component could be
effectively minimized through an optimized stator stage.

C. Effect of Fan-Thrust-to-Body-Drag Ratio

The previous subsection has covered the performance analysis of
the PFC in cruise conditions, for which the net axial force acting on
the fuselage—fan assembly was zero. To assess the effect of varying
thrust settings on the aerodynamics of the overall configuration,
measurements were taken at different net axial force coefficients.
PIV measurements were used to quantify the boundary-layer and
near-wake flowfields around the propulsor and to infer the total
pressure distribution, with the method discussed in Sec. IL.D.1. The
axial velocity and total pressure profiles at the fan inlet
(x/L, = 0.91), fan outlet (x/L;, = 0.97), and in the fuselage near
wake (x/L, = 1.06) for different net axial force coefficients are
shown in Fig. 13. A number of fan operating conditions were
assessed for which —1.0 < Cy/Cp, < 1.0.

The effect of the fan on the upstream flow is clearly visible in
Figs. 13a (left) and 13b (left). Increasing the axial force produced a
visible suction effect on the boundary layer, resulting in a higher
velocity in the lower part of the profile (left subplot of Fig. 13a).
Contrarily, the effect on the upstream total pressure profile is not
significant (left subplot of Fig. 13b). This entails that the upstream
effect of the BLI fan was comparable to that of an inviscid (potential)
actuator disk, and the viscous interaction with the incoming boundary
layer is of second order. Note that for Cy/Cp, = —1 the fan was
actually slowing down the incoming boundary layer even at a con-
stant total pressure value. This was probably because the shroud was
operating at an off-design condition, and hence spillage occurred as
the mass flow required by the fan was lower than the design one.

Downstream the fan outlet (central subplots of Figs. 13a and 13b),
the slipstream of the fan is clearly recognizable in the powered cases
as the axial velocity and total pressure are both higher than in the BF
case. In particular, for the Cy/Cp, = —1 case the total pressure
profile shows a slightly increased total pressure over the BF case that
compensates for the shroud viscous wake, centered at around
r/R; = 0.45, producing a zero axial force overall.

Figures 13a (right) and 13b (right) show the velocity and total
pressure distributions in the model wake. C,, shows a very low value
at the axis for the powered cases due to the hub vortex formation
described in Sec. IIL.B, which increased in strength for increasing Cy .
Moreover, at Cy /Cp, = —0.5 both the average U/V , and C,, were
closer to the freestream values (respectively, 1 and 0). This entails that
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Fig. 12 Integral mechanical energy flux components across the fuselage aft section. Powered measurements taken in axial equilibrium conditions

(Cn/Cp, =0).
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Cy/Cp, = —0.5 was the condition, among the measured ones, for
which the benefit of BLI could be maximum. This can be explained
by the fact that only a part of the boundary layer was ingested by the
BLI propulsor. As a consequence, only part of the momentum and
kinetic energy in the boundary layer were ingested. Therefore, to
compensate for the ingested deficit, the thrust produced was lower
than the fuselage drag. For higher thrust conditions (i.e., for
Cy/Cp, > —0.5), a residual momentum flux was measured in the
fan slipstream (right subplot of Fig. 13b). This means that the
momentum and energy introduced by the fan into the boundary layer
exceeded the ingested deficit, potentially reducing the advantage
of BLL

To understand the effect of the fan-thrust-to-body-drag ratio on the
wake losses, the mechanical power flux C; and its two contributions
Cr, and Cp, were computed in the near wake of the model. Figure 14
presents the three terms for the BF and PF cases for different Cy /Cp,
values at x/L, = 1.05. The plot shows that for the BF C; was
approximately equal, in modulus, to 13% of Cy, as already pointed
outin Sec. lIL.B. Similar values were found for the powered case for
Cyn/Cp, = —1.0, as expected. Increasing the thrust setting leads to a
continuous increase of the power flux in the wake. Interestingly, even
though the momentum deficit was the closest to zero for
Cy/Cp, = 1.0, Cp, was largely increased with respect to the BF,
meaning that a substantial part of the energy introduced in the flow-
field was still dissipated in the wake of the model. The case for
Cy/Cp, = —0.5 shows the minimum value of C, suggesting that
this is the condition for which the BLI benefit is maximum. However,
in a more realistic configuration, where the swirl in the fan slipstream
is mostly recovered, a lower C; would be measured. As a conse-
quence, the minimum Cj would be probably found at a higher
Cy/Cp, ratio. At larger axial forces both Cr and Cy increased,
but at different rates. This suggests that, relatively to the total power
flux C;, at higher thrust settings, a smaller share of the wake energy
was dissipated in the wake, whereas a larger share of energy was
instead related to the momentum excess.

IV. Conclusions

This paper presented the results of a low-speed wind-tunnel test of
a Propulsive Fuselage Concept (PFC). This work represents the first
experimental aerodynamic investigation concerning fuselage-BLI.
The experimental setup consisted of an axisymmetric fuselage with
an embedded boundary-layer-ingesting propulsor. The flowfield
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Fig. 14 Power flux components in the near wake of the body
(x/L, = 1.05) for different fan settings.

around the BLI fan was quantified with PIV measurements and used
to perform a power and momentum analysis of the configuration
through the PBM.

Results have shown the following:

1) The BLI propulsor strongly affects the surrounding flowfield,
modifying the fuselage boundary-layer flow both upstream and
downstream of the propulsor location. The key effects of the BLI
fan on the fuselage boundary layer are as follows: i) upstream of the
propulsor, an increased mass flow flux in the inboard region of
the boundary layer, due to the fan suction effect; ii) downstream
of the propulsor, the boundary layer is thinner than in the BF case, due
to the slipstream contraction; iii) at the fuselage trailing edge, a strong
hub vortex is induced by the swirl component, resulting in a region of
very low total pressure, which increases the drag and penalizes the
performance.

2) Through the application of the PBM, the distribution of momen-
tum and mechanical energy in the boundary-layer flow was quanti-
fied. For the axial equilibrium conditions, where Cy/Cp, = 0, the
effect of the fan is to increase in absolute value the axial momentum
flux in the upstream boundary layer with respect to the BF. At the
same time, the kinetic energy deposition rate is increased upstream of
the fan, due to the suction imposed by the fan on the fuselage
boundary layer.

3) The effect of varying the fan thrust setting on the aerodynamic
performance was quantified through the PBM. The analysis showed
that performance quickly diverges from the ideal wake-filling con-
ditions when increasing the thrust setting. In fact, it was found that the
mechanical energy dissipated in the downstream wake increases
more than linearly with the net axial force coefficient Cy. Moreover,
a larger share of the total mechanical energy is associated with the
momentum addition of the BLI fan.
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