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Abstract
In recent years, aircraft concepts employing wake-filling devices to reduce mission fuel burn have gained increasing attention. 
The study presented here aims at a detailed physical understanding of the effects of integrating a propulsive fuselage device 
on a commercial aircraft. Compared to an isolated, axisymmetric fuselage-propulsor configuration, a propulsive fuselage 
device experiences an increased circumferential inlet distortion due to three-dimensional geometric features of the aircraft. 
This study uses three-dimensional CFD simulations to investigate the effect of fuselage upsweep on the aero-propulsive 
performance of an aircraft configuration featuring a boundary layer ingestion device. It is shown that fuselage upsweep has a 
negative impact on the performance of a propulsive fuselage device as compared to an axisymmetric configuration. Increas-
ing the upsweep angle by Δ�SW,PFC = 3.5◦ leads to an increase in required fuselage fan shaft power by 19%. Furthermore, 
it is demonstrated that the negative effects of fuselage upsweep on the propulsor’s performance can be effectively mitigated 
by a circumferential variation in the propulsor nacelle thickness.
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List of symbols
�  Angle of attack [ ◦]
�GC  Longitudinal ground clearance angle [ ◦]
�SW,PFC  Upsweep angle for propulsive fuselages [ ◦]
�SW,Roskam  Upsweep angle for conventional fuselages [ ◦]
ṁ  Mass flow [ kg

s
]

�  Efficiency [-]
�  Specific heat ratio [-]
�  Turbulent frequency [ 1

s
]

∏
fan  Fan pressure ratio [-]

�  Density [ kg
m3

]
�  Shear stress [ N

m2
]

Θ  Angle [ ◦]
A  Area [ m2]
c  Chord length [m]
Cf  Skin friction coefficient [-]
Cp  Pressure coefficient [-]
d  Diameter [m]

F  Force [N]
f�,BLI  BLI efficiency factor [-]
h  Height [m]
h  Total enthalpy [ kgm

2

s2
]

Ii  Circumferential distortion intensity of the ith 
ring [-]

Imax  Maximum circumferential distortion intensity 
[-]

k  Turbulent kinetic energy [ J
kg

]
l  Length [m]
M  Mach number [-]
P  Power [W]
p  Pressure [Pa]
PAV  Average total pressure [Pa]
PAVLOW  Average low total pressure [Pa]
R  Universal gas constant [ J

kgK
]

Re  Reynolds number [-]
S  Area [ m2]
T  Temperature [K]
t/c  Thickness-to-chord ratio [-]
U  Velocity [ m

s
]

y+  Dimensionless wall distance [-]

Indices
∞  Freestream
axi  Axisymmetric
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fan  Fuselage fan
fuse  Fuselage
g  Gross
GC  Ground clearance
iso  Isentropic
n  Net
p  Polytropic
s  static
SW  Upsweep parameter
t  Total
w  Wall
x  In streamwise direction

Abbreviations
AIP  Aerodynamic interface plane
AMI  Arbitrary mesh interface
BLI  Boundary layer ingestion
BWB  Blended wing body
CAD  Computer-aided design
CFD  Computational fluid dynamics
FF  Fuselage fan
FL  Flight level
FPR  Fan pressure ratio
HiSA  High-speed aerodynamic
NPF  Net propulsive force
NPP  Net propulsive power
PFC  Propulsive fuselage concept
RANS  Reynolds-averaged Navier–Stokes
SAE  Society of automotive engineers
SHM  SnappyHexMesh
TLAR  Top-level aircraft requirements

1 Introduction

Commercial aircraft concepts featuring a boundary layer 
ingesting (BLI) propulsive device, such as a fuselage fan 
(FF), have gained increasing attention in recent years. 
Prominent examples include the boundary layer ingesting 
aft-fuselage fan concept Fuse Fan by NASA [1], the Bauhaus 
Luftfahrt Propulsive Fuselage [2], the propulsive fuselage 
concepts (PFC) investigated in the European research pro-
jects DisPURSAL [3] and CENTRELINE [4], the NASA 
STARC-ABL [5], and the embedded BLI configuration 
SAX-40 [6], and the N3-X blended wing body (BWB) [7]. 
The expected fuel burn reduction potential of these concepts 
varies in the one digit range between 2 and 10% [3, 8–10] 
and even a predicted increase in fuel burn of 1.7% [11]. Top-
level aircraft requirements (TLAR) as well as the aircraft 
and power train configuration and geometry of the concepts 
differ significantly.

An optimal and efficient integration of a BLI system on 
aircraft level requires a detailed physical understanding of 

aero-propulsive effects caused by the interaction between the 
aircraft components. For a PFC, the incident air stream to 
the FF is distorted, since it has traversed along the fuselage, 
thereby forming a boundary layer. When considering the 
whole aircraft configuration, the flow is further distorted by 
an interaction between the wing downwash and the boundary 
layer and interference of air flow at component intersections, 
such as wing-fuselage, vertical tailplane-fuselage fan cowl-
ing, and other three-dimensional features of the aircraft (see 
Fig. 1). Thus, from a holistic aircraft-level perspective, it is 
important to consider not only the aerodynamic optimiza-
tion of a simplified axisymmetric fuselage-propulsor geom-
etry, but also to estimate the impact of three-dimensional 
geometrical aircraft features on the aero-propulsive aircraft 
performance to ensure an optimal design.

For some aircraft concepts featuring boundary 
layer ingestion, two- and three-dimensional geometry opti-
mization schemes have been developed and applied using 
computational fluid dynamics (CFD) simulations. In 2001, 
Rodriguez conducted a two- and three-dimensional multi-
disciplinary design optimization of a BLI engine inlet of 
a BWB with a Reynolds-Averaged Navier Stokes (RANS) 
solver. The study aimed at the demonstration of the potential 
advantages of BLI for BWB with a focus on engine inlet 
performance [12]. Gray et al. investigated the effect of the 
aft-fuselage-propulsor fan pressure ratio (FPR) variation on 
the performance of the NASA STARC-ABL concept. They 
introduced a coupled-adjoint approach of a one-dimensional 
thermodynamic cycle coupled to an RANS CFD simula-
tion. In their approach, the fuselage was modeled as two-
dimensional and axisymmetric, neglecting the effect of the 
wing on the propulsor performance. The aim of the study 
was to improve the performance of the BLI propulsor by 
optimizing the propulsor shape for a single design variable 
(FPR) [13, 14]. Kenway and Kiris applied CFD on a sim-
plified model of the NASA STARC-ABL concept study-
ing the effect of wing downwash. They performed a three-
dimensional adjoint-based aerodynamic shape optimization 
of the fuselage diffuser and nacelle inlet to minimize inlet 
distortion at the BLI propulsor. Their results showed that 
the optimal nacelle and aft-fuselage shape is sensitive to 
design flight conditions and wing downwash [15]. Building 
on their previous work, Yildirim and Gray and Gray et al. 
performed geometry optimizations of the three-dimensional 
NASA STARC-ABL aircraft configuration including vertical 
tailplane and wing [16, 17]. They aimed at optimizing the 
geometry for a range of target net forces and FF pressure 
ratios. In both three-dimensional studies by Kenway and 
Kiris as well as Yildirim and Gray, fuselage upsweep was 
not studied in particular, but the fuselage tail geometry was 
represented by shape variables in the optimization problem.

Martinez Fernandez and Smith conducted three-dimen-
sional RANS CFD simulations to investigate forces and 
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moments acting on the fuselage-propulsor geometry of a 
tube-and-wing BLI concept compared to a non-BLI fuse-
lage. Both geometries featured fuselage upsweep, but the 
isolated effect of fuselage upsweep was not studied [18]. In 
2020, Ahuja and Mavris published a comprehensive study 
on the sensitivity of typical tube-and-wing airframe features 
on BLI performance for a configuration similar to the NASA 
STARC-ABL concept using RANS CFD [19]. These fea-
tures included variations in fuselage shape and slenderness 
ratio, fuselage nose and tail cone design, sensitivity to wing 
and vertical tailplane design, and the shape of the fuselage 
leading up to the fuselage fan. They studied the effect of 
fuselage upsweep for a conventional fuselage without a pro-
pulsive fuselage device.

The present study focuses on a three-dimensional numeri-
cal investigation of the impact of fuselage upsweep on the 
performance of a PFC. Fuselage upsweep is a conventional 
measure in integrated aircraft design used to avoid tail strike 
during take-off rotation as a compromise between increased 
fuselage drag and added landing gear weight. When a fuse-
lage upsweep is introduced, the landing gear height can be 
decreased while ensuring a specified maximum take-off 
rotation angle. However, the fuselage upsweep introduces 
distortion to the boundary layer airflow incident to the FF 
and, thus, affects the potential benefit of a BLI device inte-
gration on aircraft level. As was shown in previous studies 
[14, 15, 19], other components of the airframe, such as the 
vertical tailplane located in front of the FF, wing, and belly 
fairing, have an effect on FF inlet distortion and BLI per-
formance. To separate the effect of fuselage upsweep from 

other three-dimensional effects, it was chosen to study the 
influence of fuselage upsweep on the BLI performance in 
isolation. For a generic fuselage-propulsor arrangement, the 
effect is analyzed using the open-source CFD tool Open-
FOAM [20]. Petrusson showed that the thickness-to-chord 
ratio of a propulsor cowling can have a significant influence 
on its surface force [21]. Thus, to investigate the potential of 
reducing the negative effect of fuselage upsweep through an 
adaption of the FF nacelle shape, the circumferential vari-
ation of the maximum thickness of the propulsor nacelle 
on the aerodynamic performance is additionally evaluated.

2  Geometry and study parameters

The BLI fuselage-propulsor configuration studied here is 
similar to the geometry of the fully annular podded, turbo-
electric PFC investigated in the CENTRELINE project [4] 
(see Fig. 1). The baseline geometry consists of an axisymmet-
ric fuselage with a length of 67 m and a diameter of 5.35 m. 
The FF face is located at 90% fuselage length. It features a tip 
diameter of 2.37 m and a hub diameter of 1.3 m (see Fig. 2). 
The baseline geometry, especially the FF duct and nacelle 
shape, was defined by an engineering judgment; it is not opti-
mized for the given flow conditions. A detailed description of 
the parameterized geometry can be found in [22].

Fig. 1  Artist’s view of the CEN-
TRELINE aircraft configuration 
(top). Simplified fuselage-
propulsor geometry with an 
upsweep of Δ�SW,PFC = 3.5◦ 
(bottom)
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2.1  Geometry parameterization for fuselage 
upsweep

When describing the geometry of a conventional fuselage, 
the fuselage upsweep angle �SW,Roskam as defined by Roskam 
[23] and visualized in Fig. 2 can be employed. From an 
aircraft level perspective, fuselage upsweep is a means to 
ensure longitudinal ground clearance in take-off rotation. 
Conventionally, the longitudinal ground clearance angle 
is defined as the angle between the ground and a line that 
can be drawn between the main landing gear on the ground 
and that part of the fuselage which impacts with the ground 
first in the event of a tail strike. The landing gear length is, 
therefore, partly determined by a required minimum ground 
clearance angle. As in the early phases of conceptual aircraft 
design, neither the position nor length of the landing gear is 
defined, an alternative ground clearance angle is introduced 
for convenience. The ground clearance angle �GC is defined 
here as the angle between the ground, at the axial position 
describing the end of the constant fuselage diameter, and 
the part of the aircraft which impacts with the ground first 
in the event of a tail strike. In conventional aircraft, this 
would correspond to the bottom of the fuselage tail, as it 
is closest to the ground at take-off rotation. However, for 

the PFC, this angle needs to be defined with respect to the 
nacelle, as depicted in Fig. 2. The main landing gear of the 
configuration is assumed to provide an elevation of  hGC= 2.5 
m to the fuselage, which is similar to landing gear lengths 
of existing aircraft, e.g., A330 (2.6 m [24]), A350 (2.54 m 
[25]). The distance hSW between the point of first impact 
during a tail strike and the maximum fuselage wall diameter 
is chosen as the main design variable for upsweep. A new 
upsweep angle is defined to be used for fuselages featur-
ing an FF, �SW,PFC . A change in the upsweep angle �SW,PFC 
results in a change in hGC and hence the ground clearance 
angle �GC . Thus, the entire FF geometry “shifts” in response 
to a change in �SW,PFC or �GC . For a fair comparison of the 
results, the FF geometry is kept constant for the fuselage 
upsweep study. This ensures that the cylindrical symmetry 
of the propulsor and the aft cone is always maintained. The 
fuselage sigmoid curve until the propulsor hub is morphed 
to guarantee an azimuthally smooth transition between the 
fuselage center body and the propulsor. Consequently, the 
overall wetted area of the upsweep configurations deviates 
from the reference geometry only by up to 0.22% and the 
profile drag is nearly invariant for the parts of the geom-
etry unaffected by upsweep. Furthermore, careful shaping 

Fig. 2  Fuselage-propulsor geometry (fuselage nose and tail only). Blue: Δ�SW,PFC = 0◦ (axisymmetric); orange: Δ�SW,PFC = 7◦

Table 1  Values of upsweep 
parameters for various aircraft

The values for commercial aircraft are approximated from [24–26]

�SW,Roskam [ ◦] �SW,PFC [ ◦] �GC [ ◦] hSW [m] Δ�SW,PFC = �SW,PFC − �SW,PFC,axi 
[ ◦]

A330-300 5.7 15.8 22.4 5.5 –
A350-1000 6.4 17.8 22.0 5.2 –
B787-9 5.9 16.9 22.9 4.5 –
PFC 0.0 6.70 18.8 1.3 0.0

2.2 10.2 21.9 2.0 3.5
2.9 11.2 22.8 2.2 4.5
4.5 13.7 25.0 2.8 7.0
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of the fuselage geometry prevents separation of the flow at 
the lower part of the fuselage.

To study the effect of additional upsweep, three geom-
etries were generated with Δ�SW,PFC = 3.5◦, 4.5◦ and 7◦ com-
pared to the axisymmetric geometry. Table 1 presents values 
of the upsweep variables for various existing aircraft with a 
size similar to that of the PFC geometry. The minimum and 
maximum values for the PFC geometry correspond to the 
axisymmetric and Δ�SW,PFC = 7◦ upsweep case, respectively. 
It can be shown that existing aircraft have an average value 
of �GC = 22.5◦ , which corresponds to Δ�SW,PFC = 3.5◦ for 
the PFC configuration.

2.2  Geometry parameterization for nacelle 
thickness variation

To alleviate the detrimental effects of upsweep on the fuse-
lage-propulsor performance, the geometry of the FF can be 
adapted to the changed flow conditions. These non-axisym-
metric adaptions mainly rely on an azimuthal variation of 
the outer FF nacelle profile. The azimuthal variation of the 
nacelle maximum thickness is investigated in the present 
study, serving as an example for a geometric optimization of 
the fan. Figure 3 (right) depicts this variation. To study the 
effects of variation of FF performance with change in nacelle 
exterior surface shape alone, the thickness-to-chord ratio of 
the FF nacelle (t/c) is varied, while the interior contour of 
the nacelle through all propulsor stations (1, 2, 13, and 18, 
see Fig. 4) remains constant across all configurations. As a 

result, the airflow duct inside the propulsor is identical in 
every configuration. This ensures a fair comparison of the 
effects of the change in nacelle thickness on pressure and 
viscous drag and their correlation to FF performance.

The thickness-to-chord ratio at the top (t∕c)1 and bot-
tom (t∕c)2 of the FF nacelle is varied independently and 
the external surface of the nacelle varies continuously as 
it transitions from the top to bottom profile. In this study, 
nacelle thickness variation is performed on a fuselage-
propulsor geometry with upsweep angle �SW,PFC = 10.2◦ 
( Δ�SW,PFC = 3.5◦ ), as this geometry most closely represents 
the upsweep of present aircraft. The table in Fig. 3 lists the 
values of the uppermost and lowermost surface thickness-to-
chord ratio of the eight evaluated geometries. (t/c) is varied 
independently for the top and bottom surface from 0.06 to 
0.12, with the reference case value being 0.08.

3  Simulation setup

The three-dimensional numerical simulations are performed 
using the open-source CFD software OpenFOAM v1706 
[20], which models fluid flows by solving the RANS equa-
tions. The bidirectional influence between FF propulsion 
system and airframe is modeled by a fan model based on 
physical principles. The geometry is represented by a sym-
metrical half-model.

3.1  Solver

The High-Speed Aerodynamic solver (HiSA) [27] is 
employed for this study. The solver models compress-
ible transonic and supersonic flows using a density-based 
approach, which allows for the resolution of numerical dis-
continuities, such as the formation and propagation of shock 
waves [28]. HiSA utilizes two flux interpolation schemes, 
the Harten–Lax–van Leer Contact solver and the Advec-
tion Upstream Splitting Method, to improve the computa-
tion of the face fluxes over a wider range of speed regimes. 

Fig. 3  Nacelle thickness-to-chord ratio variation

Fig. 4  Fuselage fan stations
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The Runge–Kutta time-stepping scheme is implemented 
in the solver, which improves stability and accuracy while 
incrementing the speed of solution [28]. This approach 
involves solving the system of equations using a general-
ized minimum residual method with lower–upper symmetric 
Gauss–Seidel preconditioning. Finally, to best approximate 
the flow domain, the solver allows for the definition of non-
reflective farfield boundary conditions, which is essential 
when modeling transonic external flows with shocks. Fur-
thermore, it is ensured that truncating the numerical domain 
does not influence the development of the flow [29].

A second-order least-squares approach is used to calcu-
late the gradient terms. It leads to faster convergence and a 
more stable simulation compared to a Gauss linear scheme. 
Divergence terms are evaluated using a second-order Gauss 
scheme with linear interpolation. An orthogonal scheme is 
used for the computation of surface normal gradients and 
Laplacian schemes, which can be used on meshes of low 
non-orthogonality. Gradient limiters for pressure, temper-
ature, velocity, and the turbulent quantities are defined to 
improve stability and convergence. The k-�-SST turbulence 
model is applied, which provides the best accuracy for pre-
dicting transonic flows in combination with the HiSA solver 
(see Sect. 3.4).

Instead of fully resolving the boundary layer, wall func-
tions are employed to limit the required computational 
resources (see Sect. 3.2).

3.2  Numerical grid

The open-source computer-aided design (CAD) software 
FreeCAD [30] is used to generate the required half-models 
of the three-dimensional geometries described in Sects. 2.1 
and 2.2. The geometries are cut at their x–z-symmetry plane 
to capture non-axisymmetric effects while saving compu-
tational resources. The mesh is generated from a surface 
descriptive file (e.g., .stl file) using OpenFOAM’s native 
mesh generator, SnappyHexMesh (SHM) [31]. The mesh 
generation utility allows us to generate a hex-dominant 
structured mesh. SHM utilizes an additional background 
mesh to generate the mesh around the geometry contained in 
the .stl file and it allows the generation of a “boundary layer” 
mesh, i.e., densely packed cells near the nacelle and fuselage 
wall to capture the boundary layer. In the near wall region of 
the fuselage and the nacelle, a boundary layer containing a 
structured hexagonal mesh is created. The mesh downstream 
of the fuselage aft cone is refined to capture the wake and 
flow changes due to the propulsor.

To reduce computational effort, a grid study is per-
formed on the two-dimensional axisymmetric reference 
fuselage-propulsor geometry to test the applicability of 
wall functions. A control case with fully resolved boundary 
layers, i.e., complete turbulence resolution and an average 

dimensionless wall distance y+ < 0.4 is used as a bench-
mark. The cases are compared by the error in the calcula-
tion of total surface forces, fan force, and FF shaft power 
(see Sect. 4.2) with respect to the control case. The results 
indicate less than 1% error when using a combination of the 
following wall functions: kqRWallFunction, nutUWallFunc-
tion, omegaWallFunction, and alphatWallFunction with an 
average y+ of ~ 60. Hence, the above-mentioned wall func-
tions are employed and the height of the first cell closest to 
the wall is set to 7.5 ⋅ 10−4 m for all geometries considered 
in this study, which correspond to the aforementioned y+ of 
60. The simulation domain extends by 5 ⋅ lfuse in streamwise 
direction and 20 ⋅ dfuse in axial direction with a total number 
of ~ 5.5–6 million cells.

3.3  Fuselage fan model

In principle, a compressor fan imparts energy to an incident 
flow, which results in an increase in total pressure and total 
temperature. The total pressure increase is subsequently 
converted to an increase in flow velocity by a succeeding 
contracting duct, thereby generating thrust. The part of the 
podded propulsor examined here, which influences the fluid 
flow incident from the fuselage, consists of a fan rotor and 
stator, as well as a duct bounded by the fuselage contour 
(duct inner wall) and the lower nacelle contour (duct outer 
wall). In addition, the fuselage aft cone acts as a part of the 
nozzle wall.

A simplified fan model has to meet several requirements: 
as the design of a BLI fan is highly dependent on the dis-
torted inlet flow conditions and therefore cannot be specified 
at an early stage of the conceptual aircraft design, its main 
characteristics have to be described in the CFD setup without 
detailed knowledge of the FF geometry and its properties. Fur-
thermore, the model has to function independently of the pre-
scribed fan characteristics such as peak input shaft power and 
fan diameter. This implies that the model must function with 
minimal and geometry independent input parameters. Finally, 
the model must be simple enough to allow an aircraft-level 
simulation with reasonable computational effort. Practically, 
this means that the FF needs to be modeled without actually 
simulating it as a physical element.

Commercial CFD software such as  ANSYS®  Fluent® allow 
the implementation of a fan boundary condition to simulate 
the effects of a fan under various conditions. These are based 
on simple thermodynamical relations, but also require an 
additional input of certain fan characteristic curves while 
being relatively accurate [32]. To allow an implementation 
without the requirement of additional inputs, the model used 
here is based on the following simple thermodynamic rela-
tions, which are applied to every cell of the FF inlet and outlet 
boundary patches through an arbitrary mesh interface (AMI) 
interpolation. The errors incurred due to this simplification 
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will be consistent across all simulations and hence cancel 
out in a comparative study employing the same model for all 
simulations.

In the present study, the combined effect of FF rotor and 
stator on the fluid flow is modeled as a “black box” using 
customized boundary conditions at the patches representing 
the FF rotor inlet at station 2 and the FF stator outlet at station 
13 (see Fig. 4). Its effect is represented by a total pressure and 
temperature jump across these two patches. Mass flow conti-
nuity is ensured using velocity as a derived variable.

The FF PR is chosen as an input parameter for the fan 
model. The losses associated with the fan are modeled by the 
use of a polytropic efficiency �pfan . The polytropic efficiency of 
the combined FF rotor and stator stage is defined as 92.5% in a 
first instance and the FPR is fixed to 1.4 for all studies follow-
ing the design of the PFC investigated in the CENTRELINE 
project [4]. The FPR of 1.4 is the outcome of a pre-sizing study 
aiming at the best power ratio between the electric FF and the 
turboelectric underwing podded engines [4]. The polytropic 
fan efficiency is approximated to be 1% smaller than the cruise 
fan efficiency of the underwing podded ultra high bypass ratio 
geared turbofan engines [33].

Total pressure and total temperature for a transonic com-
pressible flow are described by:

where ps is the static pressure, � is the ratio of specific heat 
capacities, and Ts is the static temperature and the Mach 
number is defined as: M =

�
√
�RTs

 , with � being the magni-
tude of the flow velocity and R the universal gas constant. 
Across the fan stage, the total pressure of the flow is 
increased by a factor 

∏
fan , which is equal to the fan pressure 

ratio FPR [34]. Hence, the total pressure at the fan outlet can 
be calculated using the total pressure at the fan inlet:

The change in total temperature over the fan stage is defined 
by the FPR and the polytropic efficiency [34, 35]:

Mass flow continuity is maintained throughout the entire 
propulsor by making sure that the following condition is 
satisfied [34]:

(1)pt = ps ⋅
(
1 +

� − 1

2
M2

) �

�−1

(2)Tt = Ts ⋅
(
1 +

� − 1

2
M2

)
,

(3)pt13 = pt2 ⋅
∏

fan
.

(4)Tt13 = Tt2 ⋅
∏

fan

�−1

��pfan .

(5)
.
m2 =

.
m13 ⇔ �2A2Ux2

= �13A13Ux13,

A is the cross-sectional area of the particular propulsor 
station.

3.4  Validation

The HiSA solver has been successfully validated for compress-
ible, transonic flow conditions [27]. To evaluate the solver 
prediction capabilities for pressure and skin friction for three-
dimensional transonic flows, the flow around the well-studied 
Onera M6 wing is computed using the same simulation setup 
as applied in the presented study (Sect. 3.1).

For the validation, the mesh provided by the CFL3D Test/
Validation archive is used [36]. Freestream conditions cor-
responding to case 2308 of the Onera S2MA wind tunnel test 
are provided by NASA Langley Research Center Turbulence 
Model Numerical Analysis [37] and documented in [38] (see 
Table 2). Experimental results for the pressure distribution are 
documented for the original wind tunnel tests in [39]. The 
skin friction distribution is compared against numerical results 
computed with the CFD codes FUN3D and CFL3D developed 
at NASA Langley Research Center [38].

The solver predicts the pressure distribution as well as the 
skin friction distribution in x-, y-, and z-direction well across 
the wingspan, as depicted in Figs. 5 and 6. Among other rea-
sons, discrepancies in the numerical results for the skin friction 
distribution (FUN3D, CFL3D and OpenFOAM) might arise 
from uncertainties concerning the freestream conditions used 
in the original studies as well as the slightly different meshes.

4  Study results

The results of fuselage upsweep as well as nacelle thickness-
to-chord ratio variation are evaluated based on an aero-pro-
pulsive performance characteristic, the BLI efficiency factor 
f�,BLI (see Sect. 4.2). As expected, fuselage upsweep impairs 
the fuselage-propulsor performance significantly. Strategic 

Table 2  Freestream conditions for test case 2308 of the Onera M6 
wing

Quantity Value Symbol

Mach number [-] 0.84 Ma∞

Reynolds number [-] 14.6 ⋅ 106 Re∞

Angle of attack [◦] 3.06 �

Velocity 

[
m

s

]
291.25 U∞

Density 

[
kg

m3

]
1.1402 �∞

Pressure [Pa] 98,193 p∞

Temperature [K] 300 T∞

Root chord [m] 0.8105 croot
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Fig. 5  Comparison of pressure coefficient and skin friction distribu-
tion over Onera M6 wing determined experimentally, predicted by 
different CFD solvers and by the OpenFOAM HiSA solver at 20, 65 

and 96% wing span. Experimental data from [39], CFL3D, FUN3D, 
and USM3D data from [38]
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alteration of the outer FF nacelle surface geometry can, how-
ever, efficiently alleviate the effect.

4.1  Freestream conditions

The flow field is initialized with the following freestream 
values, which correspond to cruise flight conditions Ma = 
0.8 at FL350 (10,668 m) and ISA+0K (see Table 3). At the 
x–z-symmetry plane of the domain, a symmetry plane bound-
ary condition is applied.

4.2  Performance characteristics

To compare the aero-propulsive performance of the geomet-
ric variations with each other, the BLI benefit is evaluated 
with a metric that combines the effect of the propulsor on 
the airframe as well as the effect of the altered inflow on the 

propulsion system—the BLI efficiency factor as introduced in 
[40]. It relates the product of the net propulsive power (NPP) 
to the isentropic expended propulsor shaft power:

The NPP is the product of net axial force acting on the bare 
fuselage and propulsor arrangement ( ̂= net propulsive force 
(NPF)) and the freestream flight velocity: NPP = NPF ⋅ U∞ . 
The NPF is the sum of all axial forces acting on the configu-
ration—pressure and viscous forces on all surfaces (fuse-
lage, propulsor nacelle, propulsor duct, and aft body) Fsurface 
and the absolute value of the fan stage volume force Ffan . All 
surface forces are calculated by integration of the pressure 
and viscous forces on the surfaces. The contribution of the 
pressure and momentum flux of fan face and fan exit to the 
NPF is calculated from mass flow averaged values at propul-
sor stations 2 and 13 (see Fig. 4). A negative NPF represents 
a force in drag direction:

In the present study, the isentropic shaft power Pshaft,iso is 
replaced by the actual shaft power Pshaft = Pshaft,actual , which 
is the isentropic shaft power corrected by the polytropic effi-
ciency of the FF. As the polytropic fan efficiency is kept con-
stant across all studied cases, the resulting trends, however, 
will be similar. The actual propulsor shaft power is deter-
mined from mass flow averaged propulsor station enthalpy:

In addition, net and gross thrust are defined as:

For a given flight condition, the fuselage and FF nacelle 
force in drag direction should either be minimized for a 
given expended propulsor shaft power or a minimum shaft 
power should be expended for a given NPF.

For non-axisymmetric fuselage-propulsor configurations, 
circumferential distortion is added to the radial distortion 
inherent to the ingested boundary layer. To quantify the 
effect, the distortion coefficient defined by the Society of 
Automotive Engineers (SAE) in the “Gas Turbine Engine 
Inlet Flow Distortion Guidelines” is calculated at the Aero-
dynamic Interface Plane (AIP), which is here placed 30 cm 
in front of the FF face [41]. The coefficient is based on the 

(6)f𝜂,BLI =
NPP

Pshaft,iso

∀Pshaft,iso > 0.

(7)

NPF = |
|Ffan

|
| − Fsurface = ṁ(U13 − U2)

+ A13ps,13 − A2ps,2

−
∑

i
∬Si

(pnx + 𝜏w)dSi.

(8)Pshaft = ṁ(h13 − h2).

(9)Fg = ṁU18 + A18(ps,18 − ps,∞)

(10)Fn = Fg − ṁU∞.

Fig. 6  Pressure distribution on upper side of Onera M6 wing. Left: 
pressure coefficients computed by OpenFOAM HiSA with indicated 
probe sections used in Fig. 5. Right: pressure contours computed by 
USM3D on family 4 prism/hex L1 grid. Adapted from [38]

Table 3  Freestream conditions

Quantity Value Symbol

Mach number [-] 0.8 Ma∞

Reynolds number [-] 4.4 ⋅ 108 Re∞

Gas constant 

[
J

kgK

]

]
287.05 R

Specific heat ratio [-] 1.4 �

Velocity 

[
m

s

]
237.23 U∞

Density 

[
kg

m3

]
0.3796 �∞

Pressure [Pa] 23842 p∞

Temperature [K] 218.81 T∞

Turbulent kinetic energy 

[
J

kg

]
0.0844 k

Turbulent frequency 

[
1

s

]
53046 �
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calculation of the intensity of circumferential distortion 
indicated by regions of low total pressure. For a number 
of concentric rings, n, the intensity is calculated for a num-
ber of equidistantly spaced points in circumferential direc-
tion, m. In the present study, n = 12 rings were evaluated 
with m = 100 samples for a half ring (see Fig. 9, left). The 
total pressure distribution studied here follows a one-per-rev 
pattern (the region of low pressure is separated only by one 
region of high pressure) and, thus, the following definition 
for the intensity Ii of the ith ring applies [41]:

 
The following equations are used to calculate the aver-

age total pressure PAVi and the average low total pressure 
PAVLOWi of each ring as visualized in Fig. 7 [41]:

pt(Θ)i is the linear fit between the data points in circumfer-
ence. Θ

i
 is the circumferential extent of the low-pressure 

region with Θ1i
 and Θ2i

 being its lower and upper limits [41]. 
The maximum value of the intensities calculated for each 
ring max(Ii) is the maximum circumferential intensity Imax.

All performance parameters are calculated by an auto-
mated post-processing of the CFD results.

4.3  Fuselage upsweep study

The performance of the baseline case is compared to an 
isolated fuselage, which is shaped like the axisymmet-
ric fuselage-propulsor geometry, but without an FF and 
nacelle present. For this case, the NPF is decreased by the 

(11)Ii =
(
PAV − PAVLOW

PAV

)

i

(12)PAVi =
1

360 ∫
360

0

pt(Θ)idΘ

(13)PAVLOWi = ∫
Θ2i

Θ1i

pt(Θ)idΘ.

presence of the FF from a force in drag direction of −20.32 
to −0.97 kN, even though the total surface force in drag 
direction is increased from −20.32 to −25.82 kN. The addi-
tional surface force derives mainly from the added nacelle 
wetted surface.

With increasing fuselage upsweep, the lower portion 
of the propulsor is more deeply embedded in the fuselage 
boundary layer, as shown in Fig. 8. The boundary layer 
thickness is increased due to a larger rate of change of area 
at the lower fuselage tail (see Fig. 9). Conversely, the upper 
part of the propulsor sees a bigger amount of the boundary 
layer. This leads to an azimuthal imbalance in the ingested 
airflow, both in terms of the local fluid flow properties, such 
as inlet Mach number, as well as local mass flow. The pro-
pulsor faces a flow with two different gradients; radial out-
wards due to the boundary layer and azimuthal due to the 
fuselage upsweep. Consequently, distortion increases with 
increasing fuselage upsweep (Fig. 10 and Table 4). A non-
zero circumferential distortion for the axisymmetric case 
is due to numerical errors. Distortion increases by ~ 19% 
between Δ�SW,PFC = 3.5◦ and 4.5◦ . The circumferential dis-
tortion intensity is similar to the results reported by Gray 
et al. [17]. The fuselage geometry investigated in their study 
features an �SW,PFC of ~ 10◦ , which is close to the value of 
this study’s Δ�SW,PFC = 3.5◦ case ( �SW,PFC = 10.2◦ ). Gray 
et al. conducted three-dimensional numerical optimization 
studies for the NASA STARC-ABL fuselage-propulsor 
configuration including wing, vertical tailplane and fuse-
lage upsweep at Ma = 0.785 and FL370. For resulting FPR 
values ranging between 1.23 and 1.31, the distortion coef-
ficient of the optimized geometries ranges between 0.030 
and 0.044. A significantly lower degree of distortion would 
be expected for the results of the present study, as wing and 
vertical tailplane are not accounted for and the FF features 
a higher FPR. However, the effect might be offset due to 
added distortion from the unoptimized fuselage and propul-
sor geometry.    

For high upsweep angles, the flow downstream of the 
propulsor is highly distorted due to the high inflow distor-
tion, as shown in Fig. 11. Even though the assumption of 
constant FPR and �pfan prescribes an axisymmetric influence 
of the fan on the flow, a high degree of distortion cannot be 
corrected even by mass flow averaging. A single-stage FF as 
modeled in this study is not sufficient to completely negate 
the large variation in the stagnation pressure incident to the 

Fig. 7  Exemplary total pressure distribution for upsweep case 
Δ�SW,PFC = 3.5◦ , ring i = 11

Table 4  Circumferential 
distortion intensity for upsweep 
cases

Δ�SW,PFC Imax

0.0 0.0069
3.5 0.0343
4.5 0.0409
7.0 0.1505
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FF, as depicted in Fig. 10. The downstream flow distortion is 
detrimental to the FF performance, as the major benefit of a 
BLI fan is obtained by the recovery of the fuselage-induced 

momentum deficit by wake-filling [35]: The asymmetry 
of downstream flow reduces the amount of momentum 

Fig. 8  Comparison of Mach number distribution with and without a BLI propulsor for Δ�SW,PFC = 3.5◦ . Boundary layer  profiles at 
x∕lfuse = 79%, 88% , and 89% (FF highlight)
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recovered circumferentially. Thus, the benefit of integrating 
a propulsive device is reduced.

This effect can be seen in the increase in the negative 
NPF (increase of force in drag direction) and f�,BLI with an 
increase in upsweep angle. This penalty on performance is 
non-linear and increases drastically beyond the intermediate 
angles, unlike the increase in shaft power. Figure 12 com-
pares the total surface force and the FF force of the four 
configurations. The trends indicate a sudden reduction in fan 

force beyond an intermediate value of upsweep caused by 
flow separation in the fan duct. The flow separation is caused 
by a reduced mass flow in front of the lower part of the FF. 
The flow is accelerated around the lip of the nacelle and for 
the case with Δ�SW,PFC = 7.0◦ , and this leads to flow separa-
tion inside the nacelle between stations 1 and 2 (Fig. 11). A 
three-dimensionally optimized nacelle profile could avoid 
this undesired flow behavior.

For all configurations, the wetted area remains approxi-
mately the same. Thus, the increase in total surface force is 
due to a vertical shift of the nacelle position. With higher 
upsweep, the upper part of the nacelle is subject to faster 
flow, since the boundary layer thickness is smaller. Corre-
spondingly, the viscous and pressure force of the FF nacelle 
is increased. The lower portion of the nacelle experiences a 
slower airflow. This leads to an insufficient local mass flow 
at station 1 and causes a separation in front of the fan face, 
as described above. The separation causes an increase in sur-
face forces on the inner lining of the nacelle, which contrib-
utes to the higher total force in drag direction (see Fig. 12, 
left). Finally, the downstream flow distortion induces the 
formation of a shock on the aft-fuselage cone, which leads 
to an increased pressure force.

As indicated in Fig. 12, left, the FF nacelle contributes 
nearly 40% of the total surface force. A sharp increase in 
total force beyond an intermediate value of upsweep cor-
responds to the deterioration of flow around the nacelle and 
its effect on the fuselage flow downstream of the FF.

Even a small increase in Pshaft is significant for a BLI 
fan driven by a turboelectric power source, such as the 
investigated configuration. Due to efficiency losses in the 
electric system, an increased power demand of the FF leads 
to an even higher power generation demand from the main 
engines [8]. Hence, it is imperative to limit the increase in 
Pshaft . Compared to the axisymmetric geometry, shaft power 
increases significantly as the propulsor forces the airflow 
near the lower fuselage contour to conform to its azimuthal 
symmetry. As the upsweep angle increases, Pshaft continues 
to increase with a diminishing slope, i.e., less increase in 
Pshaft for higher angles of upsweep (Fig. 12). A part of the 
fan power is expended in achieving the specified azimuthally 
constant FPR and �pfan , which forces the airflow to conform 
to the cylindrical symmetry of the propulsor. This produces 
a sharp increment in shaft power as soon as flow asymmetry 
occurs. The main cause of this sharp increase in power is 
an increase in mass flow and flow velocity. However, the 
increase in shaft power at higher upsweep angles is due to a 
higher relative change of the mass averaged flow tempera-
tures and velocities through the fan stage. The mass flow val-
ues drop after Δ�SW,PFC = 3.5◦ due to poor flow at the lower 
part of the fan despite the overall increase in axial direction.

The BLI efficiency does not strongly reflect the initial 
sharp increase in Pshaft . As the shaft power increases by 23% , 

Fig. 9  Boundary layer velocity profiles in front of the fuselage fan 
( x∕lfuse = 88% ) for Δ�SW,PFC = 0, 3.5, and 7◦

Fig. 10  Stagnation pressure distribution at AIP. Sample points for 
distortion coefficient calculation depicted for Δ�SW,PFC = 0◦ (left)

Fig. 11  Mach number distribution around nacelle and aft cone for 
Δ�SW,PFC = 7◦
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from Δ�SW,PFC = 0 to 7◦ , the NPF increases by 1073% , even 
though the total increase in force is only 10.4 kN. 10.4 kN 
equal 51.4% of the force on a fuselage, which is shaped like 
the axisymmetric case, but without an FF present. This 
indicates that the propulsor can tolerate a certain amount 
of flow asymmetry. However, there is a sudden reduction 
of performance as the upsweep continues to increase. The 
trends depicted by f�,BLI suggest that the loss of performance 
due to upsweep can be depleted successfully if the upsweep 
angle is not too large. Thus, the practical implementation of 
a BLI propulsor in such a configuration is only viable for 
intermediate upsweep angles.

From an aerodynamic point of view, fuselage upsweep 
should be avoided to keep the propulsor inlet distortion to a 
minimum. However, fuselage upsweep might be considered 
in two cases: 

1. If measures to ensure ground clearance, such as the 
increase of the landing gear length, entail second-order 
effects on aircraft level, which outdo the positive effect 
of a BLI device integration, or

2. if the FF nacelle can be optimized in such a way that the 
increase in shaft power can be alleviated.

Second-order effects may include weight penalties, change 
in airport infrastructure, and maintenance accessibility. To 
estimate the effect of the introduction of fuselage upsweep 
on the landing gear length, the x-position of the main land-
ing gear is assumed as 50% of the total fuselage length and 
a maximum take-off rotation angle of 10◦ . For the axisym-
metric configuration, the maximum FF nacelle thickness is 
decisive in defining the fuselage point, which touches the 
ground first. In this case, the main landing gear length is 
3.53 m. For any geometry with Δ𝛼SW,PFC > 3.5◦ , the end of 

center fuselage geometry touches the ground first in case of 
tailstrike. For these cases, the main landing gear length is 
2.84 m. Thus, by introducing fuselage upsweep, the landing 
gear length can be reduced by 19.5%.

4.4  Nacelle thickness variation study

Ten different nacelle profiles with varying uppermost and 
lowermost thickness-to-chord ratios (t/c) are investigated 
(Table 3). The thickness variation study is conducted on a 
geometry with �SW,PFC = 10.2◦ , i.e., Δ�SW,PFC = 3.5◦ . This 
fuselage upsweep most closely resembles the geometry of 
existing aircraft and has a relatively low impact on the FF 
performance characteristics (Sect. 4.3).

The velocity field in front of the FF nacelle is directly 
affected by a variation in the nacelle thickness-to-chord 
ratio: a reduction of the upper nacelle thickness suppresses 
the shock formation on top of the nacelle. However, the 
nacelle profile for (t∕c)1 = 6% leads to a higher surface 
force in drag direction due to the cp distribution caused by a 
faster flow at the upper surface. Consequently, the benefits 
of removing the shock on the upper side of the nacelle are 
reduced. The shape of the nacelle lip varies with a change in 
the nacelle thickness due to the chosen geometry parameteri-
zation strategy. In effect, the suction force and, consequently, 
the fan force are lower for a smaller (t∕c)1 (see Fig. 13). 
This leads to an overall reduction in FF performance, since 
its wake-filling effect is reduced. The increase in NPF with 
an increased thickness-to-chord ratio of the upper nacelle 
profile indicates improved effectiveness of the nacelle. Thus, 
despite an increase in nacelle force, the BLI performance of 
the configuration is improved for thicker nacelle profiles on 
the upper surface, as shown in Fig. 15. Increasing the upper 
thickness to 12% , however, leads to flow separation at the 

Fig. 12  Performance metrics for fuselage upsweep variation
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inner side of the nacelle lip. Thus, an intermediate thickness-
to-chord ratio of the upper nacelle surface ( (t∕c)1 = 10% ) 
seems to be the most promising (see Fig. 14).

Varying the thickness on the lower part of the nacelle has 
a low impact on the surface forces. The maximum surface 
force variation is only 3% as compared to 6.5% when vary-
ing (t∕c)1 . This is caused by the slower incident flow on the 
lower surface, which, in turn, leads to a smaller absolute 
force on the lower nacelle surface. An increase in nacelle 
thickness facilitates the existing distortion of the inlet flow. 
Within the propulsor, the effect of increasing the thickness 
is almost the same as that of an increase in upsweep. A flow 
separation within the duct leads to a pronounced asymmetry 
of the flow behind the nacelle. As discussed in the previous 
section, this is detrimental to the BLI performance. Both 
NPF and f�,BLI drop in response to an increase in (t∕c)2 . 
The shaft power begins to drop between (t∕c)2 = 8% and 

Fig. 13  Forces for upper (left) 
and lower (right) nacelle thick-
ness variation

Fig. 14  Mach number distribution for nacelle thickness variation examples. The baseline case is depicted in the left bottom corner

Fig. 15  Aero-propulsive performance for thickness-to-chord ratio 
variations. Negative NPF can be interpreted as force in drag direction. 
Annotations: (t/c)1|(t/c)2
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10% (Fig. 15). A reason for this can be the continuous cir-
cumferential transition from the top to the bottom nacelle 
profile. The increased thickness-to-chord ratio of the lower 
profile entails an increase in the nacelle profile thickness 
along the horizontal x–y-plane. Hence, the beneficial effects 
of a thicker nacelle in the relatively higher speed flow are 
reflected in a reduced shaft power.

The variation in nacelle thickness on the bottom surface 
has a bigger impact on the performance of the propulsor-
fuselage configuration. f�,BLI varies by 89% due to changes 
in the lower profile thickness as compared to a 65% variation 
for the upper profile thickness. Therefore, in particular, the 
adaption of the lower nacelle profile to the distorted flow 
conditions can be effective.

Based on the best-performing nacelle profiles for the 
independent variation of the top and bottom nacelle pro-
file thickness-to-chord ratio, a geometry is generated with 
(t∕c)1 = 10% and (t∕c)2 = 6% . The combination of the posi-
tive effects of both alterations show that the shaft power and 
surface forces are close to those of the axisymmetric case. 
The other performance characteristics also indicate the best 
performance of the geometry among all the thickness varia-
tion profiles considered, as shown in Fig. 15. However, BLI 
efficiency and NPF cannot be fully recovered to the values 
of the axisymmetric case, since only the top and bottom 
profile thicknesses are adapted. In addition, the maximum 
circumferential distortion intensity is reduced by ~ 22% and 
~ 8% compared against the Δ�SW,PFC = 3.5◦ baseline case 
for (t∕c)1 = 8% / (t∕c)2 = 6% and (t∕c)1 = 10% / (t∕c)2 = 6% , 
respectively. In theory, a complete, three-dimensional opti-
mization of the outer nacelle surface may result in a com-
plete negation of the negative effect fuselage upsweep has 
on the fuselage-propulsor performance. However, distortion 
might not be reduced to the level of the axisymmetric case 
by a mere shape optimization.

4.5  Limitations

The results presented here have a limited validity for other 
PFC due to the underlying assumptions of the applied 
methods.

First, all geometries, baseline, and all derivations thereof 
are not optimized for the flow conditions examined in this 
study. Thus, it is not possible to attribute all occurring effects 
to the introduction of fuselage upsweep only. The applied 
geometry, especially the unchanged FF geometry, affects the 
fluid flow negatively (e.g., shocks on outer nacelle and sepa-
ration inside FF duct). Furthermore, the performance of the 
FF is highly dependent on the introduced inlet flow distor-
tion. Distortion due to the build-up of a boundary layer on 
the fuselage is altered by interference with wing downwash, 
interference of different aircraft components, blockage of the 

FF by the vertical tailplane, etc., which are not considered 
in this study.

Another uncertainty arises from the applied CFD simu-
lation setup. Even though the approximation of near wall 
effects with wall functions seems to result in only a minor 
error (see Sect. 3.1), a full resolution of the boundary layer 
would be preferable. Due to a lack of detailed fan charac-
teristics, the implemented fan model simplifies the influ-
ence of a compressor on a fluid to its fundamental effects. 
The whole fan stage, rotor and stator, is modeled as a sin-
gle “black box”. FPR and polytropic fan efficiency serve 
as input parameters to the fan boundary conditions. How-
ever, in reality, the characteristics of the fan blades would 
lead to a non-uniform FPR distribution across the FF face 
and the polytropic fan efficiency would be the outcome of a 
designed fan stage operating at a certain condition. Further-
more, three-dimensional effects of the fan are not modeled 
by the simplified model, i.e., swirl introduction to down-
stream flow. In addition, the implemented method leads to 
an overprediction of the upstream suction effect.

The mitigation of the negative fuselage upsweep effects 
by a nacelle shape optimization is based on studies on the 
isolated variation of either upper or lower nacelle thickness-
to-chord ratio. Due to the applied parameterization approach, 
the results of the study are counterintuitive. If along with the 
nacelle thickness, which shapes the outer part of the nacelle, 
the position of the nacelle highlights and the shape of the 
inlet (stations 1–2) had been adapted, the optimum for the 
lower and upper nacelle thickness-to-chord ratio could have 
been different.

As the largest share of long-range total mission fuel is 
burned during cruise, the study presented here focuses on 
an assessment of the propulsor-fuselage performance for this 
specific operating condition. However, if the FF is operated 
at other times, such as take-off, a compromise of optimum 
geometries for the different operating conditions has to be 
found.

Despite the limitations of the study, it can be shown that 
the shaping of the fuselage-propulsor geometry has a signifi-
cant impact on the aero-propulsive performance of a PFC. 
Furthermore, the introduction of fuselage upsweep has a 
strong effect on the required shaft power, which is decisive 
for a compromise between landing gear and fuselage shape 
adaption on aircraft level.

5  Conclusion

The aerodynamic shape of the fuselage and propulsor of a 
PFC has a significant impact on its aero-propulsive perfor-
mance. From an aircraft-level perspective, all components of 
an aircraft have to be designed in such a way that all exter-
nal constraints are met while minimizing fuel consumption. 
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Consequently, it may be necessary to ensure sufficient 
ground clearance during take-off by introducing a fuselage 
upsweep instead of an increased landing gear length. The 
impact of such a three-dimensional geometric variation on 
the bidirectional aero-propulsive performance of a PFC was 
investigated through three-dimensional RANS CFD simula-
tions. It was shown that fuselage upsweep distorts the air-
flow incident to the FF significantly and, consequently, has 
a detrimental effect on its performance. Changing from 
an axisymmetric to a non-axisymmetric fuselage alone 
increases the required FF shaft power. The effect is intensi-
fied with increasing upsweep. Alteration of the FF nacelle 
geometry as a means to mitigate the negative effect of the 
fuselage upsweep was assessed. By varying the thickness-to-
chord ratio of the uppermost and lowermost nacelle profile, 
the performance of the fuselage-propulsor configuration was 
restored to the performance of the axisymmetric baseline 
geometry.

To fully answer the question whether the negative effect 
of fuselage upsweep can always be sufficiently mitigated by 
an optimized aerodynamic design of the fuselage-propulsor 
configuration, it will be necessary to conduct a three-dimen-
sional geometrical optimization for all cases. Furthermore, 
the interaction of other aircraft components, such as wing or 
vertical tailplane, with the fuselage boundary layer and thus, 
the altered distortion of the air flow incident to the FF and, 
consequently, the PFC performance, has to be taken into 
account. The behavior of the BLI device for all operating 
conditions has to be assessed. An aircraft-level design study 
is required to select which compromise, an elongation of the 
landing gear length or a fuselage-propulsor design variation, 
will minimize the negative impact on mission fuel burn.
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