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Aerodynamic Design Space Exploration of a Fuselage Boundary
Layer Ingesting Aircraft

M. van Sluis * , B. DellaCorte T and A. Gangoli Rao ¥

Fuselage Boundary-Layer Ingestion (BLI) is a promising example of synergistic design
and propulsion-airframe integration to reduce fuel burn. For a BLI configuration, the aero-
propulsive performance of the aircraft is a result of the complex aerodynamic interaction
between the fuselage airframe and the BLI propulsor. This paper presents a design method for
the aft fuselage including the propulsor shrouding to minimize the required shaft power of an
aft-mounted propulsor in the conceptual design phase. First, a global aerodynamic design space
exploration is carried out using Computational Fluid Dynamics (CFD) to identify the key design
parameters and their influence to the aerodynamic performance of the propulsive fuselage. An
optimization study is subsequently carried out to improve the aerodynamic performance of a
baseline design. The optimization was performed for a turbo-electric BLI configuration and
within representative design constraints. The optimization achieved a decrease of approximately
10% of the isentropic shaft power required for the aft-mounted propulsor for a constant net
force acting on the propulsive fuselage. The presented methodology and the resulting design

practices can be effectively applied to other advanced aircraft configurations.

I. Introduction

o make future civil aviation sustainable, ambitious goals regarding emissions and noise have been set by the Advi-
Tsory Council for Aeronautics Research in Europe (ACARE), described in the FlightPath 2050 [1]]. These goals, as
part of the Strategic Research and Innovation Agenda (SRIA) [2]], aim at a reduction of 60% CO2 emission per passenger
kilometre by 2035 relative to the year 2000. Evolution of current aircraft technology will fall short of these ambitions. A
step-change in aircraft technology and design is required in order to meet the goals. Many different novel technologies
are being investigated, such as full laminar flow wings [3] and hybrid electric propulsion [4]. However, in order to meet
the emission targets for aviation, a multitude of novel technologies will have to be integrated in a synergistic manner, as
no single technology in existence today appears to be able to fulfil the requirements alone. Boundary Layer Ingestion
(BLI) is one such technology to reduce aircraft fuel burn by exploiting synergistic airframe-propulsion integration. In a

BLI configuration, the propulsor is tightly integrated onto the airframe and operates on the boundary-layer flow. As a
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consequence, the BLI propulsor re-cuperates the momentum and energy deficit in the boundary layer, thereby reducing
the viscous dissipation in the wake [3] [6]. A conceptual-level study has shown that ingestion of the full fuselage boundary
layer by a single circumferential propulsor yields the largest potential aerodynamic saving [7]]. In particular, it was found
that such a configuration, named the Propulsive Fuselage Concept (PFC), using a gas-turbine driven BLI propulsor,
could achieve a net fuel burn reduction of approximately 10% compared to a conventional baseline configuration [§]]. A
similar order of magnitude fuel burn reduction was found by more recent NASA studies on the turbo-electric NASA
STARC-ABL aircraft [9] [10]]. In order to improve the aerodynamic benefit of the fuselage annular (or Type II) boundary
layer ingestion, aerodynamic shape optimization of both the fuselage and its corresponding nacelle and boat tail is
required. Differently from a conventional aircraft design, the objective function for the optimization process of a tightly
coupled BLI system does not necessarily have to be drag minimization. The tight coupling of the propulsor and the

airframe requires a novel design approach where the combined performance of the system should be considered as a whole.

Recent studies attempt to optimize the fuselage and aft nacelle geometry to improve the different aspects of the aircraft
performance. For example, the fuselage-fan inlet distortions, induced by the wings and fuselage upsweep in the
STARC-ABL concept, were minimized through CFD-based shape optimization of the shroud and hub contours [[11]. The
adjoint-based shape optimization yielded to noticeable lower distortion levels while the drag increase was constrained
to a single drag count. However, the improvements in the distortion levels were accompanied by modest increases in
the required power of the propulsor to match the thrust requirement. In a similar computational approach [10]], it was
attempted to improve the aerodynamic propulsive efficiency by altering the shaping of the nacelle and aft fuselage contour.
Free-Form Deformation (FFD) was applied to the entire aft fuselage section, while a turbofan model was implemented to
emulate the BLI fan. The main finding of the work [10] is that, depending on the transmission efficiency of the electrical
power system, the propulsor size is altered to maximize the Power Saving Coefficient (PSC). Although the propulsor size
was clearly the dominant factor, the contour shaping of the fuselage and nacelle were also altered during the optimization
to improve the inflow to the propulsor. However, the paper is focussed on the PSC of the final optimized configuration
and does not distinguish between the various contributions of the design parameters. Although adjoint aerodynamic
shape optimization has shown to improve the performance of BLI aircraft designs [12], it does not give a comprehensive
insight into the various interactions of the individual components. In order to streamline the conceptual design phase
of a BLI configuration, it would be very useful to have a qualitative and quantitative understanding of the design
parameters. In a different study [13]], the aft geometry on the STARC-ABL concept was optimized using OpenVSP
[14]. Rather than using mathematical control points to describe the geometry, design criteria such as ellipse radius and
tangent angles were prescribed. The geometry was optimized for various levels of FPR and net force coefficient, thereby
minimizing the shaft power. Although the work [[13] discusses the performance of the optimized designs in detail, little

insight is provided regarding which geometric parameters have a higher influence the aerodynamic performance of a
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fuselage BLI configuration. In another work [15], the duct and shrouding of a regional electric aircraft is optimized,
using a parametrized representation of the nacelle and duct shaping. The optimization is performed for three different
objective functions, namely maximum thrust, lowest flow mechanical power and maximum propulsive efficiency. Each
objective yields a noticeably different geometry. However, only two parameters describing the inlet lip of the duct
are included in the actual analysis, limiting the explored design space. As the paper focusses on multidisciplinary de-

sign of the particular aircraft, the specific knowledge gained in terms of aft-body shaping for a BLI configuration is limited.

In this paper, a systematic approach for the aerodynamic design space exploration and optimization of a (axisymmetric)
bare PFC configuration (i.e.fuselage including BLI propulsive device) is described. The aerodynamic analysis was based
on RANS CFD simulations and a body-force model for the fuselage propulsor. A comprehensive set of geometrical and
operational parameters were considered to accurately and flexibly describe the PFC geometry and flow conditions. A
sub-set of the most influencing parameters was obtained through a Design Space Exploration (DSE), after which a global
optimization was performed to minimize the fuselage-fan isentropic power. The goal of the paper is to demonstrate
which are the important sensible parameters driving the propulsive fuselage design in the conceptual design phase of the

PFC. The methodology described in the present work has been used for aircraft level optimality studies, as described in

[37].
Electrically driven
fuselage propulsor
Electric power
transmission
Generator off-takes from
advanced GTF power plants
Fig. 1 Overview of aircraft layout and turbo-electric drivetrain (image: Bauhaus Luftfahrt)
A. Background

The aerodynamic design space exploration in this work is conducted for the PFC within the CENTRELINE project
[LO6][17]. The design is focussed on an Airbus A330-300 class aircraft with an entry to service in 2035. The aircraft is

being designed to carry 340 passengers over a range of 6500 nm. A turbo-electric drive-train is utilized, with power
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off-take from the under-the-wing Geared Turbo-Fan (GTF) engines to supply an electric motor driving the BLI fan in
the rear of the aircraft. The electric motor is rated for 8 MW design power and 95% efficiency. The FF is aimed to be
able to provide 6% thrust at top-of-climb [I8]]. The main level requirements are listed in Table[I} A schematic of the

concept is shown in Figure [T}

Table 1 Overview of CENTRELINE top-level requirements

Parameter Requirement
Range 6500 nmi
Passengers 340
Design cruise Mach 0.82
Cruise altitude FL350
Maximum cruise altitude FL410
Approach speed 140KCAS
I1. Methodology

In order to conduct a thorough aerodynamics design space exploration, the design space needs to be well defined. The
definition of the aerodynamic design space is important to ensure that no parts of the design space are excluded from the
exploration. In general, one could divide the aerodynamic design space into two categories, as depicted in Figure[2]
namely operational and geometric design parameters. The geometric parameters of the PFC can be divided into aircraft
level and component level parameters. In case of the PFC, the Fuselage Slenderness Ratio (FSR) and the duct height of
the Fuselage Fan (FF) are examples of aircraft level parameters. These parameters directly define the overall geometric
shape of the aircraft. The same hold true for the operational parameters, which can be either dictated by the mission

design or the system performance.

Aerodynamic desing space

Operational Geometric
parameters parameters

m eg FL’M e-g- hduCt

- e.g. Il e.g. K, Ointet Component level

Fig. 2 Classification of the aerodynamic design space parameters

A MATLAB®-based framework has been set-up to analyse a very large number of PFC geometries. An overview of



Downloaded by Technische Universiteit Delft on June 21, 2023 | http://arc.aiaa.org | DOI: 10.2514/6.2023-4069

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

Initial
design

{ e.g. p =26 variables }
vector L

Parametric model
of PFC geometry

Sampling of design < 1000 samples }
space P

Automatic mesh
generation ICEM
l ANSYS Fluent

Aerodynamic
Sensitivity analysis ) sensitivity map RANS
of PFC
! Scripted post-
Dimensionality processing
reduction

Reduced
design
vector

Surrogate Optimization Aerodynamic
model ) routine ) optimized

PFC design

Fig.3 Flow diagram of the aerodynamic design space exploration procedure

the workflow is presented in Figure 3] The principal step is to generate a parametric model of the PFC. The main
requirements is that the model should be flexible enough to allow for a wide variety of fuselage and nacelle shapes, in
order to have minimum restrictions of the design space. Next, the design space is surveyed using statistical methods
for quasi-random sampling. Each sample reflects a unique geometry and operating condition. The sample space is
consecutively fed into the main computational framework, where the design vector is translated into a geometry and a
mesh. A mesh quality above a specified threshold was ensured to provide consistent and accurate results. Subsequently
the Reynolds Averaged Navier-Stokes (RANS) analysis was carried out using ANSYS® Fluent 18.2 and the subsequent
results were post-processed by a scripted routine. Based on the solution data of evaluated samples, a sensitivity study is
carried out to identify the driving parameters. Using the knowledge from the sensitivity analysis, a surrogate model of

the aerodynamic response can be constructed and be used in an optimization routine.

A. Parametrization of the Propulsive Fuselage Concept

In order to describe the bare PFC geometry by a limited set of design parameters, a parametric model of the ge-
ometry has been developed. The parametrization of the geometry needs to be as flexible as possible, to be able to
generate a wide variety of geometries. At the same time, it should be ensured that the geometries created by the

parametric model are feasible and do not violate the basic constraints set beforehand. In order to combine these two op-



Downloaded by Technische Universiteit Delft on June 21, 2023 | http://arc.aiaa.org | DOI: 10.2514/6.2023-4069

i1

112

113

114

115

116

17

118

119

120

121

122

123

124

125

126

127

128

A1 A Asg ~Bintet h o
R 12 Aqz o duct
Linlet
Thub
| | | | i
58 59 60 61 62 58 59 60 61 62
c
| —
\ T — —
1 _ Laf t - \\,¥7\\7 S
aft = - —
dr \ —
0 1 i
45 50 55 60 65 70
Lcenter Laft Lduct Lboattail

Fig.4 Drawing with main length parameters of an example PFC fuselage geometry as described by the
parametric model. Note that the cabin area is indictated by the hilighted area.

posing requirements, a parametric model has been developed that incorporates both flexibility and basic engineering rules.

Since the aft-fuselage is the main area of interest of the PFC, the parametric model is focussed on the aft section
of the fuselage. Therefore it does not include the wings, empennage or main under-wing podded engines. A con-
ventional fore-body shape is adopted from the Engineering Sciences Data Unit (ESDU) (fore-body 9 [19]). The
slenderness of the nose section is kept constant, to ensure shape similarity with varying fuselage diameter. A second
requirement for the PFC fuselage is that the effective floor area is kept constant, in order to compare the performance
of the PFC to the R2035 reference aircraft [20]]. Since a study into the cabin topology is beyond the scope of the
current work, a minimal fuselage diameter was set to bound the useable floor area. For sizing of the main fuselage
dimensions, the fuselage diameter is given as primary input, together with the slenderness ratio of the aft fuselage
section up to highlight of the duct. An iteration loop is used to find the corresponding length of the fuselage centre
section. Since the relative axial position of the FF is an important design parameter and the lengths of the upstream
section are already determined, the length of the boat tail is derived from the total fuselage length. The position of the

FFis used as the reference location for the aft geometry. An overview of the main fuselage dimensions is shown in Figure[d]

The curves of the fuselage geometry are constructed using Non-Uniform Rational B-Splines (NURBS) [21]. Widely
used in CAD modelling, NURBS enable to make localized changes to the geometry without affecting the overall

shape of the curve. This in an important property as it allows to study individual changes to geometry rather than
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Fig. 5 Examples of aft-fuselage geometries initiated by the parametric mode using random design parameter
samples. Dimensions are given in meters.

combined effects. First order continuity is enforced between the NURBS segments, to ensure a curvature continuity.
Since the aim of the work is to gain an understanding of the aerodynamic behaviour of the design, the control
points of the NURBS are either related to a design parameter or embedded engineering rules. As such, there are
no ’free floating’ control points in the design vector. The nacelle geometry was treated in a similar manner, albeit
not with NURBS. Instead, it was chosen to use a third order Bezier-Parsec approach [22]], which was developed
to describe airfoils using design parameters only. In total, 12 design variables are used to describe the airfoil
geometry. The flow channel to the fuselage fan is dictated by the nacelle, whose chord length is a function of the
diameter of the FF. The positioning of the nacelle is performed with the FF location as a reference. The length
of the inlet and the incidence angle of the nacelle are both determined with respect to the FF. To promote a feasi-

ble duct geometry, the cross-section area of the throat and the duct exit are prescribed as a function of the FF inlet face area.

The flexibility of the parametric model is shown in Figure [5} where a few examples of generated PFC designs are
shown for a set of (bounded) random design parameters. As can be observed, the model is able to produce substantially
different PFC designs. In order to ensure that the resulting designs from a random combination of the in total 26
design variables are feasible designs, the bounds were chosen carefully. For example, the bounds for the nacelle are

set such that the 3rd order Bezier-Parsec (BP3333)[22] parametrization always yields a feasible airfoil representation.
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Table 2 Overview of the design parameters and their respective bounds

Parameter X, Xmax  Unit Parameter X Xmax  UNIt
Dy 5.50  6.90 m ye/c -0.02  0.05 -
Kaft 0.40 1.50 - Ke -1.00 -0.10 -
Aafr 3.5 8.00 - xi/c 0.25 040 -
XFF 0.84  0.905 - Kt -0.08 -0.01 -
linter/C 0.25 0.50 - OTE 8.0 120  deg
hauet 0.30 1.00 m Bre 5.0 12.0  deg
Thub [Tiip 0369 0.625 - inac 0.0 8.0 deg
Oinier 0.0 20.0  deg Ai1/A; 0.90 1.05 -
¢/Dpp 0.80 1.40 - Aiz/Ar 0.95 1.00 -
(I/C)max 0.08 0.11 - Alg/Alz 0.60 0.70 -
OLE -0.50 -0.10 - II 1.20  1.50 -
YLE 10 30 deg FL 310 390  100ft
Xc/c 0.30 0.50 - M 0.75 0.85 -

Furthermore, it is made sure that no excessive long or short aft-fuselage section are created. Nevertheless, for some
specific combinations of parameters a non-feasible geometric design can still occur. These geometries are filtered out by

a set of engineering constraints, such as bounds on boat-tail cone angles, and are not included in the analysis.

B. Sampling of aerodynamic design space

In order to cover as much of the design space as possible, a suitable sampling strategy should be adopted. Ideally,
one would use permutations of all possible combinations of design parameters to ensure complete sampling of the
design space. However, such an approach is only feasible when the number of design variables is very small or the
computational cost of analysis is low. For the current application, a quasi-random sampling approach is better suited.
Many different algorithms and methods are in existence [23]], such as the Latin Hypercube Sampling (LHS) method. A
multitude of different LHS derived methods exist today, each method trying to increase the space-filling capability of
the sampling and reducing the correlation between individual samples. For the current work, a novel method combining
both Latin Hypercube design and stratification [24]] is selected. The partial stratification of the variables allows one to
group design variables which are expected to have a strong correlation. For example, it is expected that the FPR and
duct height A 4,.; will have a strong coupling on the required shaft power by the FF. Grouping the parameters together
will ensure the optimal spacing of the samples in the design space with respect to each other. In case the anticipated
interaction is not present, the quality of the sampling would not be penalized. A three-fold stratification plan was used,
meaning that groups of three design parameters were made for stratification, prior to the hypercube sampling. In total

9261 samples were generated and used as input for the analysis framework.
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Fig. 6 Example of a mesh, generated by the framework, for an arbitrary sample PFC geometry. Coordinates
are in meters and measured from the trailing edge

C. Grid generation

To prepare the generated bare PFC geometries for analysis, a Matlab® routine has been developed that generates the
topology of the mesh and writes the required input files for Ansys® [CEM. The latter program is used for the computation
of the actual mesh. For the core of the Matlab tool to prepare the geometry, modified open-source Matlab® routines
[25] have been used. A structured C-grid is created for the main domain and two embedded O-grids wrap the fuselage
body and the FF nacelle. Since the turbulence will be resolved up to the wall, the mesh complies with the Y* < 1
requirement. The latter is crucial to capture the development of the boundary layer in the best possible way using RANS
models. In total, a typical 2D axis-symmetric mesh contains about 360, 000 to 400, 000 cells. For every generated
mesh, the mesh quality statistics were analysed automatically by ANSYS® ICEM to assess the mesh quality. The
quality criterion used in ICEM is a weighted combination of cell warpage, orthogonal quality and the determinant. The
statistical mesh properties are shown in Table[3] As can be observed, the average of the minimum and mean quality
index of the mesh are high. However, the standard deviation of the average minimum quality index is relatively high as
well, indicating a wider variation in cell quality. Due to an imperfect conversion in the interface between Matlab® and

ICEM, the total success rate of the mesh routine was approximately 51%

I1I. Setup of CFD simulation
The computational analysis of the flow field using RANS was carried out using the commercial software ANSYS®

Fluent (version 18.2). The pressure-coupled, axis-symmetric solver was used. The fluid was modelled as an ideal
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Table 3 Statistics of mesh quality criterion by ICEM for meshes of converged simulations (N = 3560). The
quality index for hexa elements is a weighted diagnostic between the determinant, orthogonal quality and cell
warpage.

Quality Index x o

Minimum quality 0.8915 0.1486
Average quality 0.9883 0.0146

compressible gas, with the fluid viscosity being modelled by the three-coefficient method of Sutherland [26]. Since
the flow is assumed compressible, the energy equation is enabled. Turbulence is modelled by the k — w Shear Stress
Transport (SST) developed by Menter [27]]. Compressibility corrections and Kato-Launder production limiter were
enabled. Spatial discretization of the turbulence transport equation was done through a second-order accurate scheme
(QUICK) [28]. The discretization of the momentum and energy equation are in turn taken care of by a third-order

MUSCL [29] scheme.

A. Fan modelling

An important aspect for the analysis of the PFC is the modelling of the fuselage fan in CFD. A through-flow nacelle
approach (i.e.no inflow or outflow domain boundaries) was used to preserve the boundary layer over the fan stage.
In order to accomplish this, a simple body-force was developed and implemented using a User-defined Function
(UDF). In the mesh, a separate fluid domain is defined which represent the box volume around the fan. The UDF
adds an axial momentum density S,, (N/m?) source term to all cells within the domain containing the fan. Note that
momentum is only added in axial direction, assuming zero swirl or radial changes in momentum. This is acceptable
as the stator vanes behind a fan should recover most of the swirl [30]. Shown in Figure [/|is the change in total
momentum mass-averaged over the duct area. The volume of the FF is hi-lighted in grey. As can be seen, the
axial velocity is decreased over the fan, whereas the static pressure is increased. Since the fluid is assumed to be
compressible, additional source terms for the energy equation S, are added. The energy is computed as the local
work done by the external force of the momentum density source. As such, the total enthalpy of the fluid is increased
as shown in Figure [§] Since the fan total pressure ratio is the main design parameter for the FF, the momentum

source term is adjusted iteratively by the UDF until the mass-averaged FPR is equal to the specified target fan pressure ratio.

B. Drag-thrust bookkeeping
As a results of the high level of integration of the aft-mounted BLI propulsor, the conventional thrust-drag bookkeeping
schemes are not suitable as the distinction between the propulsor and the airframe is ambiguous. However, a distinction

between thrust and drag is desired from an aircraft conceptual design point-of-view. The simple fan model, as described

10
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in [II.A] allows for a clear definition of the propulsive force by the actuator volume and drag. Integration of the
momentum density source term (N/m?) over the volume defining the FF directly yields the propulsive force. Note that
the propulsive force by the actuator volume is (by definition) not identical to the FF thrust [31]. The drag is obtained by
integration of the viscous and pressure normal forces over all the solid surfaces. As such, the force balance of the bare

PFC can be reduced to:

FNPF,bare = FT,FF - Dbare = /ﬂ Su dV - ﬂTdS — ﬂp . ﬁdS (1)
\'4 S S

All quantities in the above equation are available in the numerical results. Similarly, the energy provided by the FF to

the flow can be computed as:

Pihaft, id = [// SedV 2
v

Note that the integrated energy source terms yields the required power by the FF without including any losses. The
efficiency of the fan is explicitly not included to reduce complexity and avoid additional assumptions. As such, Pgpaftid
represents the minimum required power. Since NPF and ideal shaft power are dimensional quantities, a non-dimensional
term called the BLI efficiency factor has been defined:

FNpE, bare * Voo

3)

f 1,PFC.,bare =
Pihaftid

The above equation expresses the ratio between the rate of work done by the NPF acting on the bare PFC and the ideal
shaft power. Although the relation is very straightforward, it allows to directly asses the performance different PFC
design. Since the relation is easy to evaluate and is sensitive to even small design changes, it is well suited to be used in

the design space exploration.

IV. Results
With the computational framework in place, the aerodynamic design space exploration was carried out. The analysis
has two objectives: first it is attempted to obtain insight in the sensitivity of the various design parameters on the
aerodynamic performance of the PFC. The second objective is to use the knowledge gained from the design space

exploration to optimize the axisymmetric bare PFC design.

A. Sensitivity analysis
The main aim of the aerodynamic design space exploration is to gain an understanding of how each of the design

parameters is influencing the aerodynamic performance of the PFC. Ideally, one would look at both the influence of the

12
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isolated design parameters as well as their combined effect on the aerodynamic performance. Statistical methods, such
as Principal Component Analysis (PCA) [32], can be used to determine the driving parameters in large design problems
with computational expensive analysis [33]. Such a statistical insight into the design parameter dependency is desired.
However, no convergence of the PCA result was obtained for the current dataset, as there remained a dependency on the
number of included results. The sensitivity of the various design parameters is found to be different in orders of magnitude.

Itis believed that this, together with the interdependency of the parameters, caused too much scattering of the gradient data.

Nonetheless, to still be able to understand the main sensitivities of the acrodynamic design for the PFC, a one-dimensional
sensitivity study has been carried out. An initial design, representing the mean of the design vector, has been selected
as a baseline. Each design parameter was changed, one by one, within their respective limits. Results for the most
dominant design parameters with respect to f; prc pare Of the baseline design are shown in Figure E} The data points are
fitted with a second order polynomial function. As can be observed, the FPR together with the height of the FF duct
appear to be the dominant design parameters for the aerodynamic performance of the PFC. This is to be expected, as
together these parameters dictate the required idealized power by the FF. Despite this, a few interesting observations
can still be made. First, it can be seen that for the baseline design, increasing the FPR is beneficial but the benefit is
diminishing towards the upper bounds of the FPR. On the other hand, the performance of the bare PFC is reducing
rapidly when the FPR is lowered. It should be noted that the geometry is not adapted with any change in design FPR.
Therefore, the area ratio of the duct inlet and exit are not adjusted to minimize spillage drag and facilitate optimal
mass-flow. Nevertheless, it does show that the drag penalty due to addition of the FF nacelle can be offset most by
increasing the propulsive force of the FF as much as possible. A similar observation can be made for the duct height. For
higher duct heights, the additional momentum deficit that is ingested by the fan is diminishing. Furthermore, the nacelle
is no longer embedded in the lower total pressure region of the boundary layer, thereby increasing its drag. The next set
of design parameters that play an important role, are the Mach number and the area ratio of the duct exit. Both effec-

tively determine the magnitude of the mass flow through the duct, which is again driving the power requirement of the fan.

The shaping of the rear fuselage section upstream of the FF appears to be of lesser importance, based on the sen-
sitivities of A,¢; and k,r;. Nevertheless, a trend can be observed which suggest that for the baseline design, a
shorter rear section with a more convex aft body shape would be beneficial. In terms of fuselage diameter, the
trend suggests a slightly lower fuselage diameter, which would result into a longer fuselage centre section. Also
shown in Figure [0 is the relative axial position of the FF, which is favoured to be positioned at the aft. However,
as one can see from the last data point, there appears to be a drop towards the upper bounds. This could be ex-
plained by the fact that the length of the boat tail is reduced if the FF is positioned further aft. The pressure forces

acting on the boat tail have a force component in flight direction, reducing the drag. Shortening of the boat tail

13
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Fig. 9 Plots of 1-dimensional sensitivity of the design parameter w.r.t to the boundary layer ingestion efficiency
factor in comparison with the baseline design. All other parameters are kept constant

21 reduces the exposed surface area and with that decreasing the drag reduction. At the same time, the integrated skin

22 friction drag over the boat tail caused by the exhaust plume is diminishing as well. Moreover, the best theoretical
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position of a BLI propulsor is at the trailing edge, since the entire momentum deficit in the boundary layer can be ingested.

The design parameters that describe the shaping of the nacelle appear to be of lesser importance. As discussed previously,
the gradients for the parameters describing the aerodynamic shape of the nacelle are one or two orders of magnitude
lower as compared to the other parameters. This is because the shape of the nacelle influence mostly the local drag
production and have limited effect on the main flow field. Therefore, the optimization of the nacelle shape is most
meaningful when the main design parameters have been fixed, provided that a feasible baseline nacelle geometry is

provided.

The aforementioned trends and sensitivities are useful to perform design trade-off studies in the early design phase.
Nevertheless, it should be kept in mind that the sensitivities could change if multiple design parameter are changed
simultaneously. Furthermore, the presented trends are valid only for the baseline design. It is expected that the direction
of the trends will remain similar for different designs, but the gradients and locations of apparent optima will shift, as

these are design specific.

B. Optimization

Although the 1D sensitivities, discussed in the previous Section, are very useful for gaining an understanding of the
design, it remains a challenging task to optimize the bare PFC by manual iteration. Therefore it is attempted to find the
optimal design vector for the bare PFC using surrogate model gradient-based optimization. In the end, the optimized

design will be compared to a previous bare PFC design.

1. Reduced design vector

To reduce the complexity of the optimization problem and enhance the fit of the surrogate model, the number of design
variables could be reduced. However, elimination of design variables from the design vector will impact the accuracy of
the model. A much reduced design vector could fail to capture the true global optimum. Depending on the quality and
size of the sampling and the choice of surrogate model, the workable number of design variables that can be used is
generally between 5-10 variables. Only the design variables that have a significant impact on the overall aerodynamic
performance of the bare PFC are selected. This includes the FPR, duct height A4yt nozzle area ratio Ag/ A1, axial fan

location xpp and hub-to-tip-ratio rnyp /7. Therefore, the reduced design vector becomes:

X = [I1, M, FL, hquct, (A18/A2), (Fhub/71ip)» (xpr/L)] 4)
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Fig. 10 Plot of predictions of f;, prc pare by the surrogate model and actual validation data

2. Surrogate model

Many different methods and models are in existence for application to aerodynamic optimization and design space
exploration engineering problems [23]]. Of the various methods under consideration, the Support Vector Regression
(SVR) [34] was selected to be used in the optimization. The principle of SVR is to fit a kernel function with an
acceptable error margin (€) and tolerance (C) to the data. Optimization of the aforementioned hyper parameters
ensures that the mean absolute error of the regression curve with respect to the data is minimized. For multi-
dimensional data, the parameters € and C are tuned to ensure an optimal fit of a hyper-surface to the data. In
order to implement the method in the Matlab® framework, the software library LIBSVM [335]] was used. Before
fitting the data, the data was standardized to avoid numerical bias. To validate whether the fit of the model is
good enough, a new set of samples was evaluated in the CFD framework. The samples were again generated using
LPSS and distributed over the design space. In total 625 samples were generated, which resulted in 221 additional
converged CFD results. The e-SVR algorithm with a Radial Basis Function (RBF) kernel is used, as this resulted in the

best fit of the model to the data. The quality of the fit of the surrogate model with the validation data is shown in Figure[I0}

As can be observed, the fit is acceptable, with a coefficient of determination R%2 =0.9168. In general the points of

positive response (f;, pFc,bare) are represented to a good extent by the surrogate model, with a few exceptions of
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outliers. In the negative domain of the response, the validation data is sparser and the variation in the predictions with
respect to the actual values is larger. This means that the model could give a reasonable fit for most combinations of
parameters, but could also significantly under- or over-predict the response. To see how well the model is capable of
capturing the trends, the model is verified with the 1D sensitivity data. The comparison is shown in Figure[TT] As can
be observed, the fit is reasonable in case the change in the response is large, such as is the case for the FPR for example.
In case that the parameter is less sensitive, the error of the fit becomes too significant to provide an accurate prediction.
This can be observed to be the case for the altitude and the axial FF position. Despite the fact that the error of the fit is
too large to predict the response in all cases with sufficient accuracy, the qualitative behaviour of the model is acceptable.
Only towards the boundaries of the domain, the accuracy of the model predictions appears to be decreasing. However,

in general, the model should be sufficient to fine-tune the main design parameters of the PFC.

In order to estimate the required power by the FF during the optimization, a separate model is required. The necessity
stems from the fact that the maximum power by the FF needs to be set by a constraint, to avoid a design with a too large

power requirement. The auxiliary model is trained for the following parameters:

Pspateia = L, M, (rhub/T1ip) > Aduct> (A18/A2)) &)

The model with 5 parameters is again fitted with the e-SVR model with a RBF kernel. The data is compared with the
same verification data set as used for the main surrogate model. Shown in Figure[I2]is the validation plot, presenting the
predictions of the model against the validation data. The coefficient of determination is relatively good with R? = 0.9609.
Especially in the lower power spectrum up to about 8.0 MW, the model appears to predict the required output power
quite well. The increased level of scatter in the predictions towards the higher power regime should not pose a problem
for the current objective. Although the number of parameters that are included in the model for Pgp,fig is less than
the model to fit f;; prc pare, the model for ideal shaft power appears to have less scatter in the data. As such, the data
suggest that the scatter of the f;; prc bare parameter is due to the interactions of the various design parameters and their
combined effect on the drag. The non-linear behaviour of the drag, for example, due to flow separations or shock waves,

make it more difficult to fit the surrogate model with sufficient accuracy.

3. Optimization formulation

To optimize the geometry of the bare PFC, a Matlab® gradient-based solver (finincon) is used in conjunction with the
aforementioned surrogate models for f; prc,bare and Pghaiid- Multiple starting points for the optimization process are
selected to enhance the chance of finding a true optimum bare PFC design. To enhance the chance of finding an optimal

design, three of the most promising designs are selected from the cloud of design points. The objective function for the

17
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Fig. 11 Verification of surrogate model with 1-D sensitivity results obtained with CFD
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optimization is formulated as follows:

1
Find: x* = arg min f(x) = m (6)
n, ,bare

In the above formulation, a constant is added to ensure that the objective value is always positive. To comply with the

requirements for the PFC overall aircraft design [36]] the optimization is constraint:

X <x <xy (7a)
FL-FLit=0 (7b)

M — M =0 (7¢)

Phaft, id — Pshaftmax < 0 (7d)
Liys = Lius, max <=0 (7e)

The equality constraints enforce that the optimizer finds an optimum solution for the operational conditions of the
reference mission (FL= 350, M= 0.82). Furthermore, the maximum ideal power for the FF is limited to 5.5 MW, as the
turbo-electric power-train of the CENTRELINE configuration is designed for this power output during cruise. Finally, a

constraint is placed on the maximum fuselage length, not to exceed Lys max = 70m.
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4. Results and verification

As a starting point for the optimization process, the cloud of available CFD results was surveyed for promising designs.
Within margins of the operational conditions and upper limit for the ideal shaft power, the best-performing designs were
picked and analysed. After assessment of the designs by engineering judgement, the best performing designs were

selected. An overview of the 3 initial design vectors and the optimization results is shown in Table ]

Table 4 Result of optimization using the 7 parameter surrogate model. Note that the performance parameters
for the optimized result is a prediction by the model, in contrast to the CFD result of the initial configuration.

Optimum No. Design vector Sfn.PECbare  Pshatt, id
! xo = [1.35 0.80 350 0.65 0.70 0.50 0.90] 0.1090 6.20
x*=[1.32 0.82 350 0.73 0.68 0.43 0.92] 0.0334 5.50
) xo =[1.35 0.81 352 0.89 0.65 0.43 0.85] 0.2511 16.91
x*=1[1.32 0.82 350 0.73 0.68 0.43 0.92] 0.0325 5.50
3 xo=[1.46 0.81 358 0.63 0.63 0.43 0.89] 0.3886 11.80

x*=[1.32 0.82 350 0.73 0.68 0.43 0.92] 0.0334 5.50

Xxo initial design vector x* optimum design vector

As can be observed from Table ] the optimization algorithm finds the same optimum for three different initial points.
The obtained optimum features a positive NPF compared to the bare PFC while not exceeding the limit on the ideal
shaft power, constrained to a maximum of 5.50 MW. Since the surrogate model only provides an estimation of the
aerodynamic performance, the selected designs are analysed separately by CFD simulation. The results are shown in

Table

As can be observed, the results are not satisfactory, since the required power appears to be under-estimated while the
Jn.PEC,pare 18 over-predicted. Moreover, the influence of the other design parameters, which are excluded from the
surrogate model, can still have a significant impact on the aerodynamic performance. Nevertheless, the prediction for
the second candidate design is within a 10% error margin, which is acceptable for initial design. Regardless of the
quality of the fit, it can be observed from Table [5]that the 3rd candidate design has the best aerodynamic performance
out of the three candidate designs. The f;, prc bare 1S positive, at the cost of a power requirement by the FF that is

higher than what is considered to be the maximum power for the FF. By fine-tuning of the design parameters, the most

Table 5 Verification of prediction of the surrogate model for three different candidate designs with CFD results.

Optimum no.  Surrogate model RANS CFD
SuBLL  Pshaftia Sy, PFCbare  Pshaftid

1 0.0334 550 0.0028 6.13
0.0325 550 0.0278 5.90

3 0.0334 550 0.0416 6.03
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Table 6 Effect of successive design changes to the optimized design on f;, prcpare and Pghafiid

Iteration No.  Description Sn.pECbare  Pshatid  APghaftid
(-] [MW] [Te]

0 Optimized design with IT = 1.30  —0.0365 5.52 -

1 As above with k,; = 1.20 -0.0339 5.51 -0.2%

2 As above with A, = 4.50 —-0.0281 5.50 —0.5%

3 As above with Dyg,s = 5.80 —-0.0273 5.47 —0.9%

promising candidate design can be improved further and made compliant with the constraints. Since the ideal shaft
power is very sensitive to the changes in FPR, the FPR is reduced slightly to bring down the required shaft power for the
third design. This comes at the cost of the NPF, which just becomes negative. With the knowledge gained from the
sensitivity analysis, one can adjust some of the other design parameters, which have not been taken into account in the
optimization. For example, the slenderness of the aft section can be reduced while the shape of the aft section is made
more convex. Similarly, the fuselage diameter is reduced effectively increasing the Fuselage Slenderness Ratio. The
effect of the successive design changes is shown in Table [6]

As can be seen in the table above, the changes have been effective in increasing the f3; prc bare. Equally important, the
ideal shaft power Pgpari ig Of the FF was reduced by almost 1%. At the same time the BLI efficiency factor was improved.
A comparison of the PFC geometry before and after the aforementioned modifications is shown in Figure As can be
seen, the modified design features a slightly shorter fuselage as a result of the reduced fuselage diameter. Furthermore,
the curvature of the aft body is more convex, resulting in a steeper curvature of the aft-body ahead of the FF. The latter
means that the boundary layer is facing a steeper adverse pressure gradient. Despite the small increase of the wetted

surface area, the drag is found to be reduced by ADpgc pare = —0.7%.

To understand the aerodynamic behaviour of the improved PFC design better, the contour plots of the Mach number and
total pressure (Figure[T3) are included. As can be observed from the Mach number contours, the flow field does not show
any regions of separated flow or shock waves. The flow over the nacelle remains subsonic, an indication that there is no
excessive spillage drag. At the duct exit, the flow is expanded to atmospheric conditions. Due to the curvature at the
start of the boat-tail, the flow is locally accelerated. Inspection of the total pressure contours shows that the FF ingests a
majority of the momentum deficit of the fuselage boundary layer. The momentum added to the flow by the FF is more

than what is required for just filling the wake, as was found to be necessary to offset the additional drag of the nacelle.

C. Comparison with reference design
Having achieved an improved design, it is interesting to compare the new design with the previous (Rev05) PFC

design within the CENTRELINE project. The latter was obtained by subsequent manual design iterations based on
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Fig. 16 Comparison of the Fuselage Fan idealized power versus the Fnpr times flight velocity for the improved
design with previous revisions of the PFC design. (M=0.82, FL=350, ISA + 10 K) [37]

engineering judgement. Note that the Rev05 PFC design features a design FPR= 1.40 [16]. Shown in Figure[I6]is the
FF shaft power versus the product of the NPF and flight velocity. As can be observed, the improved design (called
Rev06) is a significant improvement in terms of f;, prc pare OVer the previous revisions of the PFC design. Even though
the NPF is still negative at this given power, the difference in the net balance of the propulsive force and the drag is
AFnpr = 1.50kN. This corresponds to about 4% of the bare (i.e. no wings and empennage) PFC drag. A study on the
aircraft level should be conducted to evaluate how much the relative reduction of total net force of the complete aircraft
is and how the total system efficiency is affected. At the current design point, the FPR= 1.30, which is on the lower side
of the spectrum. Further increasing the FPR is beneficial for the aerodynamic performance, as found already by the data
presented in Figure[9] However , this would require an increased power output by the hybrid-electric drivetrain, adding
additional weight and cooling complexity. To compare Rev05 and Rev06 directly, one should evaluate both designs
for equal level of Fypp. In case the FPR of Rev06 is lowered such that it matches the Fnpr of Rev05, it can be shown
that the Rev06 design requires close to APgpasiia ~ 10% less power. This is shown graphically by the dotted line in[I6]

The latter was obtained from a curve-fit from RANS CFD simulations for the optimized design with varying values for FPR.

To see how the design is actually different from the previous PFC design (Rev05), the geometries are compared with each
other. This is presented in Figure[T4] As can be observed the fuselage length of both designs is comparable, despite the
fact that the fuselage diameter of the Rev06 design is lower. However, this is compensated for by the increased internal
volume in the aft section, which is less slender and has a more convex shaping of the fuselage contour. Furthermore, it
can be seen that the incidence angle of the nacelle is much larger for the Rev06 design, compared to the Rev05 PFC

geometry. Although both nacelles are approximately equal in size, the duct height of the Rev06 is higher due to the
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lower hub-to-tip ratio. The minimum radius at the hub is 7, = 0.56m, which is sufficient space to allocate the electric

motor [38]].

V. Conclusion

The Propulsive Fuselage Concept (PFC) is a tube-and-wing aircraft architecture which uses an additional propulsor,

integrated in the aft-cone of the fuselage, to maximize the aerodynamic efficiency by exploiting Boundary Layer

Ingestion (BLI). To understand and maximize the aerodynamic performance of the PFC, a systematic survey of the

aerodynamic design space has been performed. A methodology based on the novel Design of Experiments techniques

has been implemented. The methodology comprises of the following elements:

1y

2)

3)

4)

5)

6)

7)

A parametric model has been constructed to describe the geometry of the bare PFC (i.e. fuselage body with
integrated BLI propulsor). In total 23 design variables were used for the representation of the geometry, including
the aerodynamic shape of the nacelle.

A quasi-random sampling strategy was employed to span the entire aerodynamic design space. In total 9, 600
samples were used as input for CFD frame-work. Approximately one-third of the samples resulted in a converged
CFD simulation

The development of a fully automated CFD pre- and post-processing MATLAB® framework has enabled the
analysis of several thousand unique samples of the design vector using CFD simulations.

Axisymmetric 2D RANS simulations were performed for the aerodynamic analysis of the PFC, representing the
best compromise between fidelity of the modelled flow field and computational effort. A simple body-force
model was implemented to model the BLI propulsor. The propulsor model was robust and did not compromise
the computational cost. Moreover, it allowed for a direct control of the imposed FPR and an effective calculation
of the propulsive force and power.

In order to enhance the physical understanding of the aerodynamics of the PFC, a one-dimensional sensitivity
study has been conducted to map the relative influence of each individual design parameter on the aerodynamic
performance of the PFC.

A surrogate model using a reduced number of design variables was constructed and successfully verified. Of the
initial 26 design variables, 7 of the most influential parameters, as selected through the sensitivity analysis, were
used to construct the surrogate model.

A gradient-based optimization with the reduced design parameters was performed to find an optimum set of
parameters. By selection of the most promising designs of the data set and application of the optimization results,
a local optimum design was found The objective function was the so-called BLI efficiency factor, defined as

Si.PECbare = FNPE * Ving/ Pshattid. This scalar parameter represents a measure of the useful work done by the Net
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Propulsive Force (NPF) and the idealized shaft power.

Verification of the aerodynamic performance in RANS CFD showed that the prediction of the surrogate model was
satisfactory, despite an apparent offset of the prediction compared to the CFD data. Successive adjustment of the
non-optimized design parameters, on the basis of the sensitivity study, further improved the aerodynamic performance

of the design. The optimized design, compared to previous PFC designs, features:

* Increased duct height %,
¢ Reduced Fan Pressure Ratio (FPR) from IT = 1.40 to IT = 1.30

* 10% reduction in ideal shaft power PrF ;4 at equal net force

The increased height of the duct of the Fuselage Fan (FF) ensures that a larger portion of the momentum deficit of
the boundary layer is ingested by the FF. To account for the increased mass-flow in the duct, the FPR of the fan is
reduced to meet the imposed limit on the ideal shaft power by the FF. Other modifications include an increased incidence
angle of the nacelle for better alignment with the incoming flow and reduced fuselage diameter. At a similar NPF, the
improved design would require approximately 10% less power, which is a significant improvement. CFD analysis of the
improved design shows that the aerodynamic design is feasible, without any signs of major flow defects. Both the initial

and optimized design increase the momentum and energy in the wake than would be required for pure wake-filling design.

Although a full optimization resulting in a global optimum has not been the outcome of the current study, the methodology
applied has been successful to make a significant improvement to the aerodynamic design. Moreover, further insight has

been gained into the sensitivity of the design parameters to the aerodynamic performance of the PFC.
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