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Summary

Boundary layer ingestion is an airframe-propulsion integration technology capable of enhancing air-
craft propulsive efficiency. The Propulsive Fuselage Concept, a tube-and-wing layout with an rear-
fuselage-mounted propulsor in the boundary layer ingestion configuration, especially takes advan-
tage this. However, the relation between physical shape and aerodynamic performance, resulting
from the complex airframe-propulsor interaction, is not entirely understood. Also, contrary to long-
haul aircraft, few studies have investigated the application of the concept on medium-haul aircraft
with only 10% cruise thrust contribution coming from the boundary layer ingestion propulsor, which
is a top-level requirement of the APPU project. To facilitate parametric studies regarding these re-
search gaps, a parametric model is developed and implemented in an engineering design application
that automates aerodynamic analysis to high degree.

This thesis presents a methodology to numerically analyze axisymmetric propulsive fuselage con-
cept designs; an engineering design application using the knowledge based engineering technology
is presented that facilitates the implementation of complex engineering design rules in the construc-
tion of the parametric model. The application consist of three components.

Firstly, a flexible geometric parameterization in 2D is developed that is proven capable of con-
structing well-performing designs. A translation mechanism is developed between these geomet-
ric input parameters and input parameters for class shape transformation curves, which form the
mathematical basis for the geometry. Secondly, the construction of a C-shaped domain and a multi-
block structured mesh are also automated in the application. The mesh density for this application
was verified through a mesh convergence study, and can be adjusted to fit other mesh requirements
through various mesh control capabilities. Lastly, the scripted interaction between the application
and ANSYS Fluent software is automated. A fan modeling methodology was developed using bound-
ary conditions that requires only fan pressure ratio as input, while mass flow continuity through the
fan is ensured. The meshing and simulation routines are validated by comparing the results of the
presented routine to that of a status-quo numerical simulation. All relevant aerodynamic output
parameters show agreement in a range of 3.3%.

The working of the engineering design application is demonstrated in a design space exploration
based on the hypothesis that increased conicity of the rear fuselage and nacelle shape with respect to
the longitudinal axis can reduce the required fan power in cruise conditions. To isolate the effect of
conicity, a parameter sweep was conducted. Results show that with increasing conicity, the overall
viscous dissipation was continuously reduced. Also the total pressure recovery at the fan inlet face
increases up to a nacelle conical angle of 11°, after which this decays due to increased wetted area.
At 11° conicity, the aerodynamic efficiency (defined as fan power required for a given net propulsive
force) was increased by 0.81% relative to a less conical status-quo baseline design with 6° conicity.

The increased fuselage volume and wetted area due to increased conicity introduced the oppor-
tunity to shorten the fuselage without decreasing fuselage volume. This increased aerodynamic ef-
ficiency by 1.65% relative to the baseline. Also, as the intake diffusion functionality was redundant
in this flow field, a third design was constructed with a 29% shorter intake duct, which increased
aerodynamic efficiency by 1.81% compared to the baseline.

Demonstrated by these unoptimized designs and the observed physical mechanisms, it is con-
cluded that aerodynamic efficiency could benefit from the direct and indirect effects of an increase
in conicity of the propulsive fuselage concept.
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Nomenclature

Greek symbols A Area [m?]

y Ratio of specific heats [-] F Force [N]

U Dynamic viscosity [N s/m?] h Mass-specific enthalpy [m?/s?]
@ Viscous dissipation [W] p Power [W]

¢ Volume specific viscous dissipation P Pressure [Pa]

[W/m?] v Velocity [m/s]
p Density [kg/m°] Subscripts
T Wall shear stress [Pa] - Ambient
Roman symbols s Static quantity
m Mass flow rate [kg/s] ‘ Total quantity
e Mass specific energy [J/kg] x Axial direction
Q Heat energy [J] in Fan intake face station

u Mass-specific internal energy [J/kg] out  Fan outlet face station
w Work [W] press Pressure

Ywau First wall distance [m] visc  Viscous
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Introduction

In recent years, the aviation industry has grown at a rapid pace. This has increased global mobility
and connectivity spectacularly. The industry is expected to grow even further. In 2018, EUROCON-
TROL published their prediction of air travel in the year 2040. The scenario they deemed most likely
showed a 53% growth in annual flights in Europe [1]. Even though the global Covid-19 pandemic re-
stricted air travel significantly, EUROCONTROL predicts a return to the amount of flights of 2019
by the year 2024 [2].

At the same time, global warming has become a more pressing issue. Sea level rise [3], ocean
acidification [4] and more extreme weather events [5] have been linked to global warming, forming
a direct threat to communities around the world. Aviation emissions are 2.1% of the global share,
but the non-CO2 effects result in an aviation contribution to global warming of an estimated 4.9%
[6].

As a result of those two developments, the environmental impact of the aviation industry is set
to increase and this has sparked the public debate about this. In addition to polluting and damag-
ing emissions, aviation uses fossil fuels for propulsion, contributing to natural resources depletion.
Lastly, current transport aircraft produce noise that harms the well-being of people near airfields

[7].

Various parties have expressed their vision to mitigate those effects. The European Commission
presented theirs for the European aviation industry for 2050 [8]. Goals related to the mitigation of
environmental impact were: a reduction of 75% C0,, 90% N O, and 65% noise emissions per passen-
ger kilometer with use of available technologies and procedures, relative to capabilities of a typical
new aircraft from the year 2000. In 2021, commissioned by airlines, airports and aerospace manu-
facturers, aroad map (Figure 1.1) was presented by the Netherlands Aerospace Centre NLR to achieve
ambitious environmental goals [9]. What stands out in this road map, is the large dependency on
improved technology.

300

Decarbonisation Roadmap for European Aviation
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= == == Hypothetical reference scenario Net CO; emissions

I mproved technology (kerosene) Improved ATM and operations I cconomic measures

I | mproved technology (hydrogen) Sustainable aviation fuels (SAF) Gy Effect of economic measures on demand
wids Effect of hydrogen on demand Effect of SAF on demand

Figure 1.1: Road map to decarbonisation as envisioned by Van der Sman et al. [9]
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Boundary layer ingestion (BLI) is a airframe-propulsion integration technique that has the po-
tential to benefit from improved aero-propulsive efficiency to achieve mission fuel burn reduction
between 2.8 and 3.7% [10]. The main aerodynamic benefit of BLI is the reduction of viscous dissi-
pation of momentum [11], which means that less useful energy is lost as heat due to performed work
between shearing fluid layers [12]. This is realized by placing the propulsor such that it ingests the
boundary layer that is formed over the airframe body upstream of the propulsor intake. This way, the
momentum surplus of the propulsor and momentum deficit behind the airframe (partially) cancel
each other out, resulting in less extreme velocity gradients in the flow that cause viscous dissipation.
This is called wake-filling and the reduction in viscous dissipation relative to a non-BLI aircraft is
visualized by Uranga et al. in Figure 1.2[11].

Non-BLI '

! !
( ) (Dwake )' rT‘vortex
i g___ ) = {

j-]; Y j" J’Eq);et

BLI ()

(l)vortex

J_ ‘bwake

= {

Figure 1.2: The concept of boundary layer ingestion visualized by Uranga et al.[11]. @ indicates viscous dissipation.

Py O jet

Additional emerging effects such as the redundancy of pylons and smaller engines have expected
aerodynamic benefits through wetted-area and weight reduction.

The Propulsive Fuselage Concept (PFC) is one concept exploiting BLI. This concept entails an
annular intake BLI propulsor (a ducted fan in this study) on the rear-most cone of the fuselage. This
has especially beneficial features. Firstly, the annular intake ingests the total circumference of the
fuselage boundary layer, thereby maximizing the effect of the BLI layout [13, 14]. Secondly, little
circumferential flow distortion is expected at the inlet of the propulsor relative to other BLI concepts
[14]. Thirdly, this conventional base layout allows BLI to be applied on existing tube-and-wing type
aircraft without a full redesign of the airframe. Lastly, by means of the closer placement of the propul-
sor to the longitudinal axis, the one-engine-inoperative condition is less stringent, allowing smaller
yaw-surfaces. A timeline of BLI research efforts shows most recent research on BLI technology is in
the context of PFC configurations, confirming high potential of this layout [15].

1.1. APPU project

The Advanced Propulsion and Power Unit (APPU) project is a collaborative research project by the
TU Delft and industry partners aimed at significantly cutting local air emissions by applying the
propulsive fuselage concept on an Airbus A321Neo. The introduced BLI propulsor is powered by the
auxiliary power unit (APU), which is replaced by a system with a state of the art gas turbine fuelled
by hydrogen. The hydrogen storage tank is housed in the rear of the fuselage.

1.2. Literature gap and hypothesis

Even though the PFC layout could contribute to solving the described environmental challenges, the
literature review preceding the present study exposed a literature gap and pointed at a hypothesis.
The literature gap is a lack of knowledge on how to shape the PFC’s rear-fuselage and aerodynamic
installation of the BLI propulsor (intake, cowling and exhaust). Previous studies have mainly focused
on system level performance and sensitivity to operational parameters, such as the effect of fan pres-
sure ratio (FPR) [16], flight level and flight Mach number [17]. Also, the effect of fuselage upsweep,
wing root downwash and the empennage presence have been studied [18, 19, 20]. However, for the
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shaping of the intake, exhaust and cowling of the PFC, some studies have used numerical optimizers
and others used engineering intuition. As phrased by Habermann et al.: "Some of the fundamental
principles that relate the physical shape of a fuselage-propulsor to the potential benefit of boundary
layer ingestion are still not fully understood.” [17].

In addition to shaping, this literature gap extends to aircraft and propulsor scales and propor-
tions; the PFC has been extensively studied on configurations that are based on long-haul baseline
aircraft that demand a thrust or propulsive power contribution from the BLI propulsor of around 30
to 33% of the aircraft’s total ([14, 21]). In contrast, little research is conducted into the implementa-
tion of BLI on smaller aircraft, as recognized by Diamantidou [15]. The proposed APPU concept aims
to apply the PFC concept on a short- to medium-haul Airbus A321Neo aircraft, demanding only 10%
of the aircraft’s total cruise thrust from the BLI propulsor. These high-level specifications imply that
both the scale of the aircraft and the scale of the propulsor are smaller than previously researched.
The resulting shape proportions introduce an opportunity to ingest a boundary layer portion that is
closer to the wall than in previous studies, meaning that the propulsor operates in a relatively slow
aerodynamic flow.

Additionally, it was recognized that studied PFC shapes feature nacelle and aft fuselage geome-
tries that are close to parallel to the aircraft longitudinal axis. Matesanz-Garcia et al. show a design
progression (Figure 1.3) yielding 2% drag decrease from DES-0 to C [22]. From this design progres-
sion the following shape developments are observed:

1. The intake duct is increasingly aligned with the incoming flow, which is has a radial component
upstream of the BLI fan. As a result, the flow is turned less towards an axis-parallel direction
before the fan, which could reduce total pressure loss in the flow.

2. The fuselage concavity just upstream of the fan is reduced. This visibly leads to a smaller zone
oflow Mach number, indicating less slowing down of the flow. This indicates a reduced adverse
pressure gradient upstream of the intake. This reduces the risk of boundary layer separation.

*
ﬂ
“

L K

Figure 1.3: Design study by Matesanz-Garcia et al. showing an improving design progression from DES-o0 to C. [22]
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Based on these literature gaps and shaping ideas distilled from Matesanz-Garcia et al., it is hy-
pothesized that the aerodynamic design of the PFC can be improved by increasing the conicity of the
rear fuselage and nacelle. With conicity, the angle between the contour and the aircraft longitudinal
axis is meant.

In addition to aerodynamic benefits, the increased conicity could increase the fuselage volume
for a given fuselage length, thereby increasing the available volume for the APPU hydrogen tank
storage. Alternatively, the fuselage could be shortened for a given fuselage volume, alleviating the
ground clearance problem during rotation at the runway caused by the introduction of a ducted fan
at the tail cone.

1.3. Research objectives, questions and scope

The exposed literature gap shows the relevance to have a model that facilitates geometrical design
space explorations, especially in the areas of aircraft and propulsor scales and proportions, and de-
tailed shape of the PFC. To keep the model applicable for all mentioned, but possibly even more
design space explorations, the tool has to be parametric. This study firstly focuses on the parametric
model and its implementation in an engineering design application. The application is then used to
explore the design space of a conical PFC design in order to test the hypothesized design direction of
increased conicity.

1.3.1. Research questions and objectives
Based on the literature gap, the following research questions are formulated:

1. How can the shape of the axisymmetric PFC be parameterized efficiently and flexibly to define
a conical PFC geometry? And how can the PFC contour be mathematically defined with those
parameters?

2. What engineering rules from off-design conditions and other engineering disciplines bound
the design space to ensure feasibility of the design?

3. Isincreasing the conicity of the rear fuselage and nacelle a beneficial design direction to achiev-
ing higher aerodynamic efficiency in the propulsive fuselage concept (PFC)?

(a) How does increasing the conicity of the PFC configuration affect the aerodynamic flow
field relative to an axis-parallel PFC design?

(b) What implications does the increased conicity have on the rest of the PFC geometry? Do
these implications induce opportunities to further improve aerodynamic efficiency of the
design?

(c) What physical mechanisms in the changing flow field underlie the aerodynamic efficiency?
To answer the above questions, the research objective and its sub-objectives are formulated as:

To develop an engineering design application that automates parametric model
generation, meshing and CFD (RANS) simulation and to exploit it to explore the
design space of conical PFC designs to identify aerodynamic mechanisms that
dominate aerodynamic performance.

1. To develop an engineering design application that automates 2D parametric model generation,
meshing and CFD (RANS) simulation that is capable to facilitate implementation of engineer-
ing rules.

2. To develop a CFD fan model using boundary conditions with only fan pressure ratio as input.

3. To validate the aerodynamic results of the application routine using a validation study of a
status-quo PFC design.
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4. To iteratively design a conical PFC configuration based on aerodynamic flow fields and other
CFD results.

Note: the parameterization intended in research question 1 is defined as the set of geometric
input parameters that the designer of the PFC interacts with.

1.3.2. Research scope and simplifications

The scope of this research is limited to aerodynamics, in cruise conditions specifically. The cruise
conditions are taken from the APPU design cruise conditions. This entails flight at a Mach number
of 0.78, at an altitude of flight level 350 (FL350 = 10668m). All atmospheric conditions are derived
from this.

Furthermore, the geometry is kept to a 2D axisymmetric shape. Relative to 3D, this keeps the de-
sign space compact, simplifies the meshing procedure and reduces the computational effort. How-
ever, even though differences between 2D axisymmetric and 3D analysis may be expected, Van Sluis
showed 2D axisymmetric RANS approximates 3D RANS for axisymmetric PFC designs [20].

As a supplement to the nomenclature, the following naming conventions are used in this study:

Leading edge

\\ Intake curve COWIing
Intake duct |- Exhaust curve

- Nacejje

Trailing edge
-

o Nozzle plane

Cone

Highlight plane
Fan inlet face

Exhaust duct

Outlet

Fan outlet face

Figure 1.4: Nomenclature of different segments of the rear PFC geometry



Performance evaluation and metrics

The classic notions of thrust and drag, as commonly used in aircraft design, become ambiguous in
tightly coupled aero-propulsive layouts such as BLI, in which thrust and drag components overlap
[11, 23]. Also, the commonly used Froude-efficiency as a propulsive efficiency metric may exceed
unity in BLI configurations [24]. Therefore, other metrics are used in order to assess aerodynamic
performance. The main performance metric used in this study is the fan power (Pf,,,) for a given net
propulsive force (NPF). Mathematical definitions of the metrics are given below.

2.1. Fan power

The power that the fan exerts on the flow is defined as the Fan power (Ps4y). This metric is the
measure of how much energy is put into the flow by the fan and therefore indicative of the power
and fuel consumption of the aircraft. This metric is to be minimized. The expression for fan power
is directly derived from the first law of thermodynamics, in the form of the energy balance over the
fan, which is viewed as a control volume. This equation shows that the change in the internal energy
in the control volume is equal to the heat added to the system minus the work done by the system.

0-W=E (2.1)

This can be rewritten using Reynolds Theorem, in terms of mas-specific energy e. As steady flow is
assumed, the time derivative is crossed out:

. d
E=— epdV +f ep(V-n)dA (2.2)
dttdcy cs

The fan is assumed to be isentropic, which means the compression is adiabatic and reversible. As
the system is adiabatic, the heat flux Q = 0. The work power done by the system W can be split into
a pressure and shaft power component:

W = Vvsi;aft + VVpre'ssure = si;aft + fCSP(V -m)dA (2.3)
Combining Equation 2.1 and Equation 2.3:
. b
~Wshare = f (e + —>P(V ‘m)dA (2.4)
cs p

o e . . . . 1
The mass-specific system energy consists of an internal energy term u and a kinetic energy term 3 V2.

Using this in Equation 2.1 and recognizing the specific total enthalpy h, is defined as h, = u+ % + %VZ
[25], the last equation can be written as:

wmm=ﬁngnwA (2.5)

Rewriting the right hand side of the last equation as:
| BV A = Y i X i) = D (hein X i) (2.6)

6
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The fan has a single in- and outlet, which obeys the mass continuity condition (msq, = M, = Mgye).
Also, the fan efficiency is assumed to be unity, implying fan power = shaft power performed on the
mass flow of air. As the shaft power performed by the fan equals minus shaft power performed on
the mass of air we can write:

_M/si;aft = Pfan = mfan (ht,out - ht,in) (2.7)

2.2, Net Propulsive Force

To avoid the need to split thrust and drag components, the resultant axial force of the overall con-
figuration is calculated and called Net Vehicle Force (NVF) [19]:

NVF = Fran — Fsut = Mgan (vx,out - 1Jx,in) + AoutPs,out — AinPs,in — Z ff (psny + 7y) dS; (2.8)
T S

The NVF (positive direction defined in the thrust direction) is used to calculate the net axial force
addition of the integration of the propulsion system, the Net Propulsive Force (NPF). In the present
study, the NPF is the force metric of interest and it is defined as the net axial force addition relative
to a baseline non-BLI fuselage. It is defined as:

NPF = Dyno—pi1,fus + NVF (2.9)

in which Dy,,_p;; fys is the drag of the non-BLI baseline fuselage.

2.3. Intake Pressure Recovery

While the two previous metrics reflect global performance, the performance of the intake is measured
by means of the intake pressure recovery metric (/PR), defined as the ratio of area averaged total
pressure at the highlight plane and at the fan intake face.

pt,in

IPR = x 100% (2.10)

Pt,nighlight

Pressures, both total and static, will be presented as dimensionless coefficients relative to the ambi-

ent pressure. Static and total pressure coefficients are defined respectively as:
c. =P P= _ Pt 7 Po
) =

lp - (2.11) Cpt = (2.12)
g r®

1 2
2p°°V°°

2.4. Viscous dissipation

As the reduction of viscous dissipation is the largest benefit of BLI, this term is useful to look at.
It is plotted in contours as a field quantity and it is used as an indicator of where useful energy is
converted into heat. According to Frank M. White [25], the viscous dissipation term per unit volume
for an incompressible Newtonian fluid can be expressed as:

b (e (2w (e, on) (ow v (ou owY’ (0.13)
¢=r12\ 5 3y 3z ax 3y 3y ' oz 9z 9z 13
Integrated over the entire domain, referred to as control volume CV, the total loss due to viscous

dissipation is calculated as:

o = ¢pdV (2.14)
cv



Numerical modeling methodology

An engineering design application is developed that drastically reduces the design and analysis time
of an instance of the intended PFC designs. It is developed using the knowledge based engineering
(KBE) software ParaPy, which facilitates automation of large segments of the engineering work flow
in design space explorations; in this application, these segments are the construction of the geome-
try, multi-block domain and structured mesh, and the scripted communication (interface) between
the application and a third-party CFD software. In addition to this high level of automation, KBE
allows complex engineering design rules to be used in the generation of the parametric model, which
presents an opportunity to feed back learned design rules into the application regarding the design
of the PFC. This means learned knowledge can be re-used by next users of the application. The
workflow of the developed application is shown in the following diagram:

/ParaPyappIication \
>[ Geometry ’ ‘ Domain —> Mesh
A
N
Simulation
procedure & >[ CFD (RANS) }

. simulation
settings

Rules
satisfied?

Flight
Yes conditions

N -
o 3 Aerodynamic

| flow field }4—
4[Input parameterqui D U— )

Metrics ]<I—
(N

Figure 3.1: ParaPy application workflow diagram

User

First, the user specifies the inputs of the parametric geometry. Only if this geometry complies
with the set engineering rules, the step of domain and mesh construction is available. After the
simulation procedure and flight conditions are specified, the CFD simulation is invoked. Based on
the CFD outputs, a new design iteration is made by the application user.

This chapter covers the methodology of two aspects, namely the numerical methodologies used in
the various aspects of the application and the methodology of the design space exploration of conical
PFC shapes by utilizing the application. The numerical methodology concerns all that happens in the
ParaPy application and the CFD simulation. This part is split into sections about the construction
of geometry (section 3.1), the set up of the CFD domain (subsection 3.2.1), the mesh (section 3.3)
and the RANS simulation (section 3.4). The exploitation of the application for the design space
exploration is discussed in section 3.5.
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3.1. Geometry

This section discusses the definition of the 2D conical PFC geometry in two steps. Firstly, the chosen
parameterization is presented and secondly, the mathematical basis that defines the shape based on
the input parameters is explained.

3.1.1. Parameterization

The choice of parameterization was mainly driven by the following criteria; flexibility (the ability to
access as much of the design space as possible), efficiency (using the least amount of parameters to
have as much detailed control over the shape as possible) and physical meaningfulness (the expected
significance of the parameter on aerodynamic phenomena).

For example, as duct areas have significant physical meaning in aerodynamic flows and hub-to-
tip ratio have been identified as a main PFC performance driver [10], the fan inlet face frontal area
and hub-to-tip ratio are chosen in the parameterization rather than the hub- and tip radii. Similarly,
the cone contraction ratio is chosen to define how steep the cone contracts towards the BLI propulsor.
A higher contraction ratio leads to less wetted area, potentially reducing viscous drag, while it could
also cause separation or have other effects on the boundary layer.

The presented parameterization has 26 degrees of freedom. This creates a highly-dimensional
design space that may be too large for a single design exploration study. However, components of
this shape (intake, cowling, exhaust, fuselage cone and plug) can be studied individually as well.
Each of those components has roughly 5 parameters that define their shape.

Figure 3.2 visualises the input parameters in black. Output parameters are shown if they are
relevant for the understanding of the figure.

H [nput parameters
Output parameters
Hub-to-tip ratio out: HT,,,; =

Fan area ratio: FAR =

Mfus

Ain

Hub-to-tip ratioin: HT;;, =

» Cone contractionratio: CCR =

(a) Rear fuselage

__chord « Lip aspect ratio: LAR = =

exhaust

(b) Nacelle

Figure 3.2: Parameterization of the PFC geometry. The black font parameters are user inputs, the orange ones are fully
defined by the others.
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While the input geometric parameters fully define the geometry, relevant output shape parameters
and properties are computed as well; the intake and exhaust duct area distributions, the curvature
distributions of each curve, fuselage component volumes, nacelle and fuselage wetted area.

3.1.2. Mathematical curve definition: Class Shape Transformation

The 2D geometry is mathematically defined by Class Shape Transformation (CST) curves [26, 27].
This method is shown to produce suitable curves for aerodynamic design, offering desirable features
such as smoothness, flexibility and mathematical efficiency.

CST curve mathematical definition
Constructing the curve in the x-y plane, ¢ is defined as the normalized y location and t as the nor-
malized x location, both normalized by the axial length of the curve L.

(O=C@®-S® ; (== , 0<t=-<1 (3.1)

<
~| R

The CST curve is a product of a class function C(t) and a shape function S(t). The class function
(Equation 3.2a) defines a base shape with known properties, depending on input parameters N; and
N,. The shape function modifies this class function without changing its core properties. It does
this by means of an n amount of Bernstein coefficients denoted as 4;. Equation 3.2b mathematically
defines the shape function.

Nz = @OV (A -o"? (3.2a)

S© =) A-Si® = ) A ( : )ti(l - o (3.2b)
i=1 i=1

The input parameters of the class function N; and N, are known from the desired geometric charac-
teristic for the considered curve at t = 0 and t = 1 respectively. However, a disadvantage of shape
function input parameters (Bernstein coefficients 4;) is that they do not bear physical meaning, nor
are they intuitive indicators of relevant shape properties. Therefore, a translation method between
the design parameters and Bernstein coefficients is developed by the author, inspired by the work of
Christie et al. [28]:

Translating input parameters to Bernstein coefficients
Writing Equation 3.2a and Equation 3.2b into Equation 3.1, and introducing an expression T;(t)
yields:

(O = OV A-0"- ) 4;- ( f )m —Oni= ) T A (3:9)
i=1 i=1

As T;(t) contains all variables dependent on t, the derivatives of arbitrary order of the CST curve
can be expressed as follows, with m being the order of the derivative:

n

(M) =Y 1M - 4 (3.4)

=1

Input parameters in the chosen parameterization can be expressed as a oth, 1st or 2nd derivative
of {. Such a constraint can be written in the following form, with b being the value of the constraint
defined at ¢t:

n A

1
(M) =Y 1@ Ay =™ . ™| 5| = [b] (3.5)
i=1 A,
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For multiple constraints, this is extended to a system of equations, in which n constraints are used
to solve for the vector A containing the Bernstein coefficients:

T(m) . T i by
A=T1.p= - N (3.6)

T(’") T(m) by,

The leading radius of a rounded airfoil shape (such as the intake, or cowling) can also be prescribed
using this methodology, but this is a special case as it is only a function of the first Bernstein coeffi-
cient A,. Unlike other Bernstein coefficients, A, used for the leading edge radius is not a function of

2Rie 158].

By solving this system of equations, the Bernstein coefficients A; are determined and the curve is
mathematically defined. This is done for the following geometry segments; the cone, outlet and plug
contours (fuselage components) and intake curve, exhaust curve and cowling (nacelle components).
One benefit of this translation method is that input parameters can easily be added or removed, if
the parameterization is changed.

others and it is defined as: 4, =

Example: intake curve

As an example, an intake curve is shown in Figure 3.3. For this curved leading edge curve att = 0
with non-zero att = 1, N; = 0.5 and N, = 0.0. The five shown constraints on the intake curve shape
are each written in the form of Equation 3.5 and the system of equations of Equation 3.6 is solved
for the Bernstein coefficient vector A.

()
Lintake
77777777 D\ a
Lot c
b 4:,,,3;— J
" Re L @ . Sliae) _ o)
. ((a) =-Db * {(Lintake ) =-C

Figure 3.3: Example intake curve as CST curve, shaped by the definition of 5 intuitive input parameters.

3.1.3. Duct area calculation

The intake and exhaust ducts areas are relevant geometric outputs to monitor. The area perpendicu-
lar to the flow direction is of interest for aerodynamics, but as the exact flow direction is unknown at
the moment of geometry construction, an accurate approximation is searched. It is common to use
purely radial definitions of cross-sectional area planes [29]. However, this method becomes increas-
ingly inaccurate with more conical fuselage and nacelle shapes, as the angle between flow and area
plane increases. Therefore, the methodology in this study finds the point on the fuselage curve for
the minimum cross-sectional area for 100 sampling points on the intake curve and exhaust curve,
for the intake and exhaust area distributions respectively.

3.2. CFD Domain and Boundary Conditions

3.2.1. CFD domain

A C-shaped domain (Figure 3.4) was used for the 2D axisymmetric RANS analysis. As the body is ax-
isymmetric around the longitudinal axis and steady flow is assumed in the simulation, axisymmetric
flowis assumed. Therefore, only half of the body and domain was simulated to reduce computational
effort. The dimensions of the domain are defined as a function of aircraft length and radius. The used
domain size was determined to have negligible interference with the solution (see subsection 4.1.1).
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The far field boundary condition was imposed on the outer extends of the domain by defining the
ambient pressure p,,, temperature T,, and Mach number M,,. The atmospheric conditions at flight
altitude were determined using the ISA model [30]. A no-slip wall condition was imposed on the
fuselage and nacelle surfaces.

Pressurefar field  Poo s Tooy Moo ‘
Pressure far field
pOO ) TOO ) MOO
g
Static pressure Total pressure =
outlet inlet o
. Ds) Meqrget Do, Tt
~Noslipwall
s — 7%%\\\\ e
g T — [t/
Axis // Jus AXis
fr Trus lqu B fi- lfus

Figure 3.4: CFD domain with boundary conditions and domain dimensions

3.2.2. Fan modeling

The fan in- and outlet faces are modeled by means of the static- and total pressure outlet bound-
ary conditions respectively, as shown in Figure 3.4. These boundary conditions are interlinked and
update each iteration. This is facilitated by specifying parametric expressions instead of numerical
values for the definition of the boundary conditions. The setup of these boundary conditions is such
that the only input parameter is the fan pressure ratio (FPR), defined as:

FPR = Ptout

(3.7)
Pt,in

Dein (area-averaged) is calculated every iteration and in turn used as an input parameter to determine

D¢ oue for the fan outlet face boundary condition. The conservation of mass flow through the fan is

imposed by setting a target mass flow condition at the fan inlet face, which equals the mass flow at the

fan outlet face. The total temperature at the fan outlet face is derived from the following isentropic

flow equation [19], assuming a unity isentropic fan efficiency:

y—1

Tt'out — (pt,out )T (3.8)

Tt,in pt,in

The implementation of the boundary conditions in Fluent is presented in appendix A.1. In the bound-
ary condition at the fan outlet face, the flow direction is set to be the average of 1) the tangent of the
fan outlet face with the nacelle exhaust curve and 2) the tangent of the fan outlet face with the fuselage
outlet curve. This is done to account for the flow direction changing with conicity.

Some important simplifications are made in the modeling method of the fan. Firstly, the isen-
tropic fan efficiency is deliberately kept to unity, to reduce complexity and avoid additional assump-
tions regarding the fan. Secondly, swirl is neglected at the fan outlet, so the exhaust flow has no
tangential component, also for simplicity and to avoid additional assumptions. It is estimated that
the omission of swirl induces an underestimation of viscous force in drag direction in the exhaust
duct and over the plug. Lastly, no in- or outlet guide vanes, structural elements or any other surfaces
other than the fan are modeled in the aerodynamic flow.
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3.3. Blocking, Mesh and Topology

For the CFD analysis, the domain is to be discretized into a mesh. An automatic structured grid
generation methodology has been implemented using the Salome SMESH meshing algorithm sup-
ported by ParaPy. In order to have detailed control over the mesh quality and density, the domain
has been divided into blocks. This chapter covers the blocking structure, mesh generation and the
mesh control methods.

3.3.1. Blocks

The blocks are shaped to facilitate the creation of a C-topology structured grid around both the fuse-
lage and the nacelle. This allows the nacelle and plug geometry to have a sharp trailing edge. The
blocks containing the fuselage or nacelle wake are positioned orthogonal to the expected flow direc-
tion, and they slightly diverge downstream as a result.

— —LL

(a) Complete domain (b) Entire aircraft

i

(c) Rear geometry (d) Nacelle

Figure 3.5: Different perspectives on the blocking structure in the domain

3.3.2. Mesh

A structured mesh was made using only quadrilateral mesh cells. The mesh was made as orthogonal
and smooth as possible. The mesh density suitable for the mesh was determined through a mesh
convergence study (see subsection 4.1.1).

In order to capture the viscous effects in the boundary layer, a sufficiently thin first prism layer
was selected, starting from the aircraft surface. The height of the first prism layer (first wall distance
Ywair) Was estimated based on the conventional condition that the y+ value remains less than or
equal to unity. The first wall distance is estimated based on the ambient density p, dynamic viscosity
u and Schlichting’s Reynolds number based estimation of the wall shear stress 7, [31]:

+
Ywatt = i (3.9)

P %

N

Using the above estimator, the first wall distance was set to 3.6um around the nacelle and 6.0um
around the fuselage contour. The resulting y+ value was verified to remain below 1 in the simulations
(see subsection 4.1.1). Figure 3.6 and Figure 3.7 show pictures of the resulting mesh.
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(a) Mesh over complete domain (b) Mesh surrounding aircraft

Figure 3.6: Structured mesh
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(a) Aircraft rear geometry (b) Nacelle close-up

Figure 3.7: Structured mesh close-up

3.3.3. Mesh controls and tools

The control over the mesh was achieved by imposing mesh controls on the faces and face edges of
the domain blocks; structured quadrilateral 2D mesh elements were imposed on all the faces. The
following ParaPy mesh control methods were used to control the mesh node distribution on the block
edges.

1. FixedNumber: a prescribed number of mesh nodes on the edge, with an additional ability to
impose a mathematical function describing the node distribution on the edge.

2. FixedStartEndLength: a prescribed mesh cell length of the first and last mesh cell length along
the edge. Between these lengths, the length of the mesh cells is interpolated. This mesh control
method was used to specify the first wall distance.

3. MaxDeflection: based on a specified minimum distance x, the mesh nodes’ distance to the
associated edge cannot exceed x. This method was applied on the leading edge of the nacelle,
as the required mesh density strongly depends on curvature.

To streamline the meshing of the domain, the capability to copy mesh controls to opposite edges
(an edge lying on the opposite side of the block face) was added. This way, the mesh controls of
the opposite edges are overruled. An edge can also be excluded from this, by specifying it as an
autonomous mesh control edge.

3.4. CFD methodology

The commercially available software package Ansys Fluent 2021 R2 (Fluent) was used for the RANS
simulation. An automatic script generator was developed to provide Fluent with the required input
files from the ParaPy application (a mesh file, a file with simulation settings and a file with procedu-
ral commands for Fluent). The simulation could be triggered on the user’s local computer, or on a
more powerful remote computer located at the TU Delft. In Fluent, the density-based solver scheme
was selected, as compressible flow is expected given the free stream flow mach number of 0.78 in
this study. To discretize the differential equations of both momentum, energy and turbulent quan-
tities, a second order upwind scheme was used. The fluid was modeled as an ideal gas and the gas
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thermodynamic properties are defined by the kinetic theory. Sutherland’s three-coefficient law is
used for the definition of the dynamic viscosity.

The k — w shear-stress transport turbulence model (SST k-w) was used. Its appropriateness is
based on multitude of previous applications regarding analysis of aerodynamic installation of BLI
propulsion systems [17, 29]. Domain inlet turbulence intensity was set to 0.1% with a turbulent
viscosity ratio of 5.

3.5. Design exploration study

The third research question of this research is to test the hypothesized design direction of increased
conicity of the rear-fuselage and nacelle. To answer this question and its sub-questions, the applica-
tion is exploited in a design space exploration. The third research question consists of sub-questions
that collectively provide an answer to the main question. Question 3(a) refers to the direct aerody-
namic effect of increasing conicity. Therefore, a conicity parameter sweep is conducted to isolate the
effect of conicity on the aerodynamics of the PFC in the specification of APPU.

Question 3(b) refers to emerging design opportunities due to the increased conicity. Emerging
opportunities are identified in the conicity sweep. One conical design is chosen to further progress
using those design directions. Question 3(c) is answered in the process of answering 3(a) and 3(b).
With this information and the comparison to an axis-parallel baseline design, the main conclusion
is drawn.

This section contains subsections regarding the construction of that baseline design, the engi-
neering rules bounding the design space to keep the design feasible, and a discussion of the chosen
design progression strategy.

3.5.1. Baseline

In order to judge whether or not a design is an improvement relative to an axis-parallel case, a base-
line design is required. However, as no proven design with the desired specifications was avail-
able, a credible baseline was approached. Therefore, a modified version of the CENTRELINE Revo3
shape was made [32]. However, that CENTRELINE shape was modified to match some top-level-
requirements of the APPU project. The modification steps applied on the CENTRELINE shape were
based on:

1. Geometric similarity; a geometric scaling factor in all directions was applied in order to match
the axial length of the APPU baseline aircraft (the Airbus A321 Neo) of 44.5m. This configura-
tion is called "C445” and is shown in Figure 3.8 as the blue contour.

2. NPF similarity; NPF similarity was desired between baseline and APPU specification. The
desired NPF was calculated from the top level requirement of the APPU BLI fan to produce
10% of total cruise thrust. The estimation of the desired NPF is derived to be 5.13kN (see
section A.2 for the calculation and underlying simplifications).

To achieve the desired NPF as defined in Equation 2.9, the drag of the no-BLI fuselage (green
contour in Figure 3.8) was determined (Dy,,—g 1 rus = —9.05kN) and the NVF was measured in
the CFD simulations. Iteratively, the propulsor size scaled to match the target NPF of 5.13kN.
The scaling was performed using the following steps: first, the cone inflection point was found
on the original fuselage contour. Then, the geometry downstream of the inflection point was
scaled with an additional factor and re-positioned to align with the contour upstream of the
inflection point. At last, the curves are connected again by a curve extension at the inflection
point. Figure 3.8 shows this baseline geometry as the orange line.

This scaling methodology was chosen to interfere as little as possible with the working of the CEN-
TRELINE Revo3 geometry, such that it can still be counted as a credible baseline. For example, all
duct area ratios have remained intact. At the same time, it achieves the desired similarity to the APPU
specification. Still, it is realised that the shape of the baseline is modified and originally shaped to
operate in a different aerodynamic flow.
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Figure 3.8: Contours of the C445, the baseline aircraft and the fuselage with no BLI rear.

3.5.2. Engineering rules as design constraints

This study is focused on aerodynamics during cruise phase only. Therefore, limitations to the design
could be overlooked if the design space was unbounded. In order to ensure feasibility in other design
disciplines and off-design conditions, rules have been formulated based on literature.

1. Intake aspect ratio. The intake has a flow guiding functionality and the omission of this func-
tionality could harm the fan efficiency in high angle of attack or side-slip conditions [33]. This
is not taken into account in this study. Therefore, a design trend towards shorter nacelles is
expected, as this typically reduces nacelle drag. Peters et al. have studied free-stream short-
intake designs and concluded that for intakes with intake length over diameter ratio < 0.25, the
benefit from reduced nacelle drag is offset by the reduction in a fan efficiency [33] stemming
from reduced flow straightening and increased interaction between fan and a local region of
high Mach number. In PFC configurations, the fuselage acts as a flow straightening device and
the flow typically has a lower velocity. Still, a rule is set that the intake length over fan blade
length cannot exceed o0.5.

2. Cone volume. In the proposed APPU configuration, the cone houses a hydrogen fuel tank and
other systems. A rule is set that the cone volume cannot be smaller than the baseline cone
volume of 55.13 m3.

3. Maximum cone angle. The fuselage cone is to be designed to perform well in off-design con-
ditions such as high angle of attack or angle of side slip conditions. It is expected that the cone
contraction ratio can be increased without any separation occurring in cruise conditions, and
its most limiting conditions are overlooked in the present study. Therefore, a rule is instated
that the maximum angle (measured with the aircraft longitudinal axis) cannot exceed that of
the baseline design (17.58°)

4. Nacelle trailing edge wedge angle. Based on manufacturing, structural and resulting weight
considerations, the nacelle trailing edge wedge angle has to be larger than a limit of 3°.
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In case a rule is not satisfied, the geometry representation is invalidated in the ParaPy application.
The application user is warned why the design is invalidated and which rules are not satisfied. The
user then updates the set of input variables and the design is automatically updated and all rules are
evaluated again. If all rules are satisfied, the domain, mesh and simulation interface are available to
the user.

3.5.3. Design progression strategy

A design’s performance is assessed using all available CFD outputs. The scalar metrics presented in
chapter 2 are evaluated for integral performance of the iteration and the convergence fan FPR and
mass flow are verified. But also graphs and contour plots of relevant field quantities (Mach number,
viscous dissipation, static and total pressure) and reports for fan intake face Mach number are con-
sulted for understanding of the aerodynamic flow field locally. Based on the flow field, changes are
made to the input parameters in ParaPy and another design is initiated.

In addition to ambient conditions, flight level and FPR, some shape parameters are taken from
the baseline design: fan inlet face area A;,,, hub-to-tip ratio HT;,, fan area ratio FAR, and fan length
lfqn are copied from the baseline geometry. The fan outlet hub-to-tip ratio HT,,,, and other shape
parameters are variable if that is deemed necessary to accommodate the intended shape change. For
example, in the conicity parameter sweep, the outlet length L., and plug radius r,;,,; were varied
to achieve the same nozzle area for designs with different nacelle inclination angles.



Model Verification and Validation

4.1. Verification

Three steps are conducted that count to the verification of the model: firstly the domain dimensions
varied to see the solution’s dependence on domain size. Secondly, a mesh convergence is conducted
to measure the interference of the mesh density on the solution. Lastly, it is verified using the y*
value that the mesh near the wall was sufficiently refined.

4.1.1. Domain and Mesh Convergence Study

In order to eliminate interference from the domain size on the Py, and NPF metrics, three domain
sizes were analysed with the same mesh density. The sizes are listed in Table 4.1. The results of this
comparison are plotted in Figure 4.1, where the domain size is shown to have a negligible influence
on the performance metrics, hence the smallest domain dimensions were chosen.

Table 4.1: Domain sizes

fr  fi Number of mesh cells (x10°) Pf,,, (MW) NPF (kN)

1 100 8 2.874 2.709 8.752
2 100 10 3.074 2.709 8.752
3 130 12 3.527 2.709 8.753

A mesh convergence study is performed to verify the model convergence properties. Five differ-
ent mesh refinement levels were used, ranging between 1.2 X 10> and 5.2 X 10> mesh cells. All the
analyses for this mesh convergence study are conducted on the C445 geometry. Richardson extrap-
olation estimates of the continuum value for two key metrics (P4, and NPF) are calculated with the
finest three meshes to show that the model converges to a reasonable value as the mesh is infinitely
refined. The refinement was increased progressively for the five meshes: a mesh density scaling fac-
tor was used to achieve a uniform refinement. However, all first wall distances have remained the
same and such that y* stays below unity for every mesh density.

Mesh convergence results for NPF and Pyg, are shown in Figure 4.1. The three finest meshes
align linearly, which is expected from the second-order method in two dimensions. The two coarsest
meshes do not follow this trend and are deemed too coarse to yield accurate results. Based on this
mesh convergence study, the mesh with 2.9 x 10> cells is used throughout this research. Both con-
tinuum values based on the Richardson extrapolations shown in Figure 4.1 show a difference with
the values from the chosen mesh density of only 0.38%, making it a very suitable mesh density for
this application.

18
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Figure 4.1: Mesh convergence plots with Richardson extrapolation of the three finest meshes. The number annotations
in the graph indicate the number of mesh cells (times 10°)

4.1.2. Mesh refinement near the wall
As a last verification step, it is verified that the mesh is sufficiently fine near the walls to obtain a y*
value below 1, indicating that the boundary layer is fully resolved.

I 17

Figure 4.2: y+ values of the C445 geometry as verification of the used first wall distance

4.2. Validation

Now that the domain and mesh are verified, the validation step is conducted to assess the validity
of the meshing and CFD routine. Seeing how the outcomes of this work’s methodology compare to
that of a higher-fidelity method builds confidence in the accuracy of this model and it could point at
required model improvements.

4.2.1. Validation set up

The meshing and simulation methods were validated to those used by Van Sluis et al. in 2D axisym-
metric numerical simulations in the context of the CENTRELINE study [32]. The validation was
conducted by comparing the simulation outcomes by Van Sluis et al. of the Revo3 geometry to the
routine of the present study, with the same geometry and ambient conditions. While similarity is
found in simplifications on fan efficiency and swirl, there are important differences.

The main difference is that Van Sluis et al. used a body force model to model the fan, adding axial
momentum to the flow, where the present study models the fan by means of boundary conditions
specifying FPR. Also the solver types are different, which could cause differences in compressible
flows. The similarities and differences in the methods between the present study and validation
study by Van Sluis et al. [32] are listed in the table below:
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Table 4.2: Methods used in the validation and present study to overview similarities and differences

Same Different

Present study Validation study
Geometry Revo3 Fan modeling Boundary conditions Body Force Model
Fan efficiency 1 Solver type Density based Pressure based
Fan swirl None Discretization scheme 2"¢ order upwind MUSCL (3% order)
Domain shape C-shaped Domain size fi=10 fi=15

£ =100 £ =300
Turbulence model SSTk —w Air model Kinetic theory Ideal gas
Ambient ISA + 10
conditions FL350

M =0.80

FPR 1.40

4.2.2. Discussion of the comparison

The table with CFD solution variables is presented in Table 4.3. The value for Dy,,_g/ rys needed for
the calculation of NPF was unknown. Based on the Dy,,_p; rys = 37.61kN value presented by Van
Sluis et al. for Mach 0.82 conditions [32], the NPF was calculated with an estimated Dy,5_p11 fus =
35.0 kN for this comparison in Mach 0.80.

Table 4.3: Comparisons between simulations by Van Sluis et al. [32] and present study.

Solution variable Present study Validation study A [%]
Mfan [kTg] 200.19 202.17 -0.978
NPF [KN] (Dpo—pr1,fus = 35-0kN)  34.3 33.8 1.5
Pran [MW] 5.036 5.206 -3.27
IPR [%] 98.975 98.932 0.043
FPR [-] 1.4000 1.3969 0.222
Tt in [K] 256.54 253.53 1.19

Tt oue [K] 282.43 278.98 1.24
My [-] 0.579043 0.5865 -1.27
M, [-] 0.404167 0.4053 -0.280

Table 4.3 shows the two studies agree in a range of 3.3% for all solution variables. However, some
differences can also be observed; firstly, the mass flow through the fan is slightly underpredicted in
the present study, which contributes to the underprediction of fan power. However, while this is
expected to lead to an underprediction in NPF as well, an overprediction is observed.

Secondly, an underprediction of total temperatures is observed at the fan in- and outlet faces is
observed. However, while the slightly underpredicted fan inlet face Mach number is expected to lead
to alower value for the total temperature there, a total temperature overprediction is seen. Given the
same ambient conditions, this is unexpected. The ratio of total temperatures at fan inlet and outlet
is the same for both studies.

The main cause of these discrepancies lies in the different methods of fan modeling methodolo-
gies between the two studies; the fan boundary conditions used in the present study impose a flow
quantity uniformly on the boundary. For example, total temperature and total pressure are imposed
uniformly on the fan outlet face. This is not entirely physical and this is a major difference compared
to the body force fan model used by Van Sluis et al. where non-uniform profiles of these quantities
exist at the fan in- and outlet. The difference in total pressure profile on the fan inlet and outlet
face is shown in Figure 4.3. Looking at the total pressure contours for the validation study in Fig-
ure 4.4, clear total pressure layers are seen in the exhaust duct, where these are non-existent using
the present methodology.
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Figure 4.4: Total pressure contour around the validation design

Conclusion

While there are differences in the solution between the present study and validation study, all rel-
evant solution variables agree within a range of 3.3%. While the differences can be explained, the
presented application is deemed accurate enough to conduct design space explorations.



Results and Discussion

The verified and validated application is utilized to explore the design space of conical PFC shapes,
to prove or disprove the hypothesis that increasing conicity could benefit the aerodynamic efficiency
of PFC shapes. First, a conicity parameter sweep is conducted, to isolate its aerodynamic effect.

5.1. Conicity parameter sweep

Using input parameters i, ©;y, 10w, ®out 10w and HT,,¢, the conicity was incremented, keeping all other
input parameters constant. While conicity concerns all four parameters, nacelle inclination angle i
is used to indicate the design’s level of conicity. For similarity, 4;,, HT;,, FAR and cone contraction
ratio CCR were copied from the baseline design. A first design (i = 6°) was made to match the intake
and exhaust duct area distribution of the baseline design. From there on, the conicity was incre-
mented to i = 15°. The nozzle plane cross-sectional area A,,,,,;. was also kept constant, attempting
to control fan mass flow. Figure 5.1 shows the contours and duct area distributions.
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Figure 5.1: Contour and area distribution development for designs with increasing conicity
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Several geometric developments stand out while increasing conicity. Firstly, the plug shrinks a
lot for a similar exhaust area distribution. As the nacelle trailing edge moves radially inward, the
plug has to move even more inward to achieve the same nozzle area, thereby quickly reducing the
size and convexity of the plug geometry. The conicity could not increase further than i = 15°, or the
plug would completely disappear and the desired nozzle area could not be realized.

Secondly, the fuselage cone gains volume and wetted area with conicity, which is caused solely
by the increasing 0, ;,,, parameter. This is shown in Table 5.1. The table also shows the total wetted
area Aye¢ torar> Which is mainly influenced by a growing cone, but shrinking plug.

i[°] 6 7 8 9 10 11 12 13 14 15

Veonelm3] 5548 56.17 56.87 5758 5831 59.05 59.81 60.59 61.94 62.19
Awettorar[m?]  467.3 468.3 469.0 469.7 471.6 473.6 474.0 4742 473.2 469.9
Ayet.cone[m?] 86.38 87.04 87.70 88.37 89.04 89.72 90.40 091.08 92.25 09247
Awet,nacelle[mz] 10.49 10.45 10.42 10.40 10.37 10.34 10.31 10.29 10.26 10.24

Awet_zi,lug[m2 3.14 2.61 2.24 1.99 1.72 1.48 1.24 1.03 0.840 0.634

Table 5.1: Geometric properties cone volume and wetted area in the conicity sweep

Lastly, Figure 5.1c shows the area distribution in the intake and exhaust ducts resulting from the
conicity sweep. Looking at the intake, the contraction from the highlight plane to the fan intake face
is increasing and the subsequent region of diffusion is reduced for increased cone angles. Beyond
12°, the intake duct area is monotonically decreasing, meaning the duct is only contracting. This
implies no throat point upstream of the fan and no flow diffusion in the intake duct.

5.1.1. Integral aerodynamic performance

The integral aerodynamic performance of the designs is shown in Figure 5.2 plotting Py, versus
NPF. Each design’s conicity level is indicated using nacelle inclination angle i. Also indicated is the
line of 10% of total cruise thrust. Also, an example design is shown in a FPR sweep, plotted in green.
This shows a linear trend between Py, and NPF and this trend is also plotted for comparison.

191 ® Baseline NPF = 10% cruise thrust
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Figure 5.2: Fan power versus net propulsive force for the conicity parameter sweep (orange) and FPR sweep (green).
Indicated are nacelle inclination angle i (orange points) and FPR (green points).
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As fan power is minimized for a given NPF, designs in the lower right section of Figure 5.2 are de-
sirable. From 6° to 8°, the trend line slope is shallower compared to FPR line, indicating a more
favorable trade-off in power and force. Beyond 8°, the mass flow rate starts to decrease (see Fig-
ure 5.3a), resulting in a reduction in both fan power and NPF. But still, the aerodynamic efficiency
increases; from 9° to 10°, the design has a slightly lower fan power for the same NPF. However, be-
yond 11°, increased conicity leads to a less favorable trade-off of power and force compared to the
FPR trend line. Let us try to understand and decompose these trends in the coming sections.

Viscous dissipation

In Figure 5.3a, a continuously decreasing viscous dissipation term is observed. Fromiof 6° to 15°, the
viscous dissipation percentage decrease is around 0.87%. This is a considerable decrease, given the
viscous dissipation is computed over the entire domain. This means this figure includes all viscous
dissipation losses over the entire fuselage forebody. Also, the total wetted area increases over that
range, which typically leads to increased viscous dissipation.

Total pressure in the captured stream tube

To assess the efficiency with which the flow ingested by the fan is treated, Figure 5.3b gives insight
in the total pressure losses in the flow before the fan. The fan inlet face total pressure increases up
to 11° indicating fewer losses happen upstream in the combination of fuselage and intake. This is
worth remarking, especially given the increasing wetted area of the cone shown in Table 5.1, which
typically increases total pressure loss. The causes of the trend in total pressure at the fan face are
discussed after the trend of fan mass flow rate with conicity level is explained.

Fan mass flow rate

The trend of fan mass flow rate with conicity level observed in Figure 5.3a is caused by the superim-
posing of two trends: the first is that while the flow direction becomes more conical, the fan stays
perpendicular to the longitudinal fuselage axis. Therefore, the angle between flow direction and fan
increases with conicity. This effectively decreases the duct area at the fan because the projected fan
area in the direction of the flow is decreased. This scales the effective duct area by the cosine of the
angle between fan and flow so this phenomenon is more pronounced at higher angles. This phe-
nomenon can also be observed in Figure 5.1c, where the duct area at the fan inlet face decreases with
conicity.

The other trend is the total pressure in the captured stream tube at the fan inlet face. Total
pressure loss decreases mass flow rate as that comes at the cost of velocity or static pressure, both
of which scale with mass flow rate. These trends oppose each other up to 11° conicity, and reinforce
eachother in decreasing the mass flow rate beyond 11° conicity.
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Figure 5.3: Variation of aerodynamic performance indicators with conicity.
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There are two more trends visible in Figure 5.3b; the highlight plane total pressure gives indicates
the total pressure losses upstream of it and the IPR reflects the intake total pressure loss.

Intake pressure recovery It is observed that IPR increases continuously with conicity. This has
causes that are induced by the increased conicity. Firstly, the expansion of the intake duct is lessened
as an effect of increased conicity. Flow diffusion in the intake, which associated with irreversible total
pressure losses, is thereby reduced. However, diffusion is increasingly moved upstream due to an
increasing adverse pressure gradient upstream of the highlight caused by the increasing highlight
area. Figure 5.4a confirms the increasing static pressure rise at the highlight plane with increased
conicity and this causes diffusion to occur before the highlight plane. Therefore, the diffusion losses
are reflected in the highlight plane total pressure.

Secondly, the flow is turned less in the intake for higher conical angles. Changing the flow’s
direction leads to centrifugal forces and non-uniform velocity profiles. As viscous losses scale with
the square of velocity gradients, total pressure is lost there to friction and turbulence. So lessening
the turning of the flow is beneficial for the intake total pressure recovery as well. This effect can be
attributed to a more efficient intake due to increased conicity.

Highlight plane total pressure The highlight total pressure line in Figure 5.3b indicates the
total pressure losses upstream of the highlight plane. As described, this is not only affected by the
fuselage, but also by the upstream effect of the intake. The highlight total pressure peaks at 11°. Up
to 11°, the increasing trend can be caused by the reduced curvature of the fuselage, both in the convex
and the concave sections, which induces less losses due to smaller velocity gradients. Beyond 11°, the
increasing wetted area of the cone could dominate this effect and cause an increase of total pressure
losses upstream of the highlight plane.
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Figure 5.4: Variation of aerodynamic performance indicators with conicity.

Cowling As shown, the highlight plane area increases with conicity in this parameter sweep and
this causes an increased adverse pressure gradient at the highlight plane. This observation is in
agreement with the observation in Figure 5.5 that the stagnation point on the intake lip moves radi-
ally inward, which means that the captured stream tube expands more towards the highlight. The
stagnation point that moves radially inward and the increased nacelle inclination angle change the
curvature experienced by the flow going around the cowling. The effect on the cowling’s pressure dis-
tribution is shown in Figure 5.4b. Here it is seen that the suction peak near the tip and the following
adverse pressure gradient increase with conicity. This causes higher acceleration and peak super-
velocities over the cowling, which could cause some extra friction losses, but the suction peak is too
low to expect any shocks. However, Table 5.2 shows a reducing viscous force in the drag direction,
possibly due to the tilted angle of the friction force vector.
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Figure 5.5: Static pressure contours for two levels of conicity. Both designs have the same fan mass flow rate
i[°] 6 7 8 9 10 11 12 13 14 15
-Fepisc IN] 1214 120.5 119.1 117.3 1155 113.5 111.4 109.1 106.2 103.9
Table 5.2: Force in negative axial direction (drag direction) due to viscous friction on the cowling.
5.1.2. Local aerodynamic performance
The viscous dissipation contour plots of Figure 5.6 can be used to localize losses and trends in the
flow field; firstly, these plots show a reducing zone of high viscous dissipation in the intake. Secondly,
a region of increased viscous dissipation is observed in the flow over the cowling. Lastly, the figure
shows strongly reducing viscous dissipation in the jet flow. As a result of the spectacular decrease of
plug size and convexity, the flow is accelerated less over the plug, leading to lower Mach numbers (as
seen in Figure 5.7). This induces much lower velocity differences with the much slower wake flows
formed at the nacelle trailing edge, meaning that the velocity gradients between jet flow and the
wakes of the nacelle and fuselage plug are reduced. As shown in Equation 2.13, the viscous dissipa-
tion scales with the square of the velocity gradients in the flow. Therefore, the reduced acceleration
over the convexity of the plug contributes very effectively to the reduction of viscous dissipation.
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Figure 5.6: Viscous dissipation contours of the conicity sweep.
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Figure 5.7: Mach number contours of the conicity sweep.

Conclusion

Judging from the fan inlet face total pressure shown in Figure 5.3b, the design with i = 11° has
the least total pressure loss of the designs in the conicity sweep. Therefore, this design is chosen
for further development. Outside of this conicity parameter sweep, it is called by its name: A23.5.
To compare the fan power figure for the desired NPF of 10% cruise thrust, the fan pressure ratio is
varied such that the fan power at desired NPF can be interpolated. The interpolated fan power is
0.81% lower compared to the baseline design.

5.2. Emerging design opportunities

In addition to direct aerodynamic effects, increased conicity also has emerging geometric effects that
present opportunities for further shape improvements. This chapter discusses two: shortening the
fuselage by increasing cone contraction ratio, and shortening the intake duct. The effects of these two
design directions are demonstrated by means of design progression based on design A23.5. However,
no design optimization is conducted and the two discussed design directions are not the only ones
with the potential to improve the design. However, they are a geometric implication of increased
conicity and can therefore be categorized as indirect effects of increased conicity.

5.2.1. Increasing cone contraction ratio: design A24

As seen in Table 5.1, the volume of the cone increases with conicity. In the APPU design, this volume
is valuable as it houses a hydrogen fuel tank. A bulkier design, accomplished by increasing conicity,
could therefore be desired. Equally, if a given tank volume in the cone suffices, the fuselage could
be shortened. This reduces wetted area and therefore viscous drag and could potentially alleviate
the rotation problem at take-off. This logic underlies design A24. Design A24 is the same as A23.5,
except for the cone contraction ratio that is reduced by 4.2%. This effectively shortens the fuselage,
while still complying with all design rules discussed in subsection 3.5.2.

5.2.2, Shortening intake duct: design A27

Another design direction is that the intake duct is shortened. There is room within the design rule
regarding intake aspect ratio to shorten the intake and as the diffusing functionality has become
redundant in the considered flow field, the need for a long intake is lessened. Furthermore, the

>

>

COO0O0O00O0000ORE o
oRNWRUINKLOOR D

—_
]
—

—
|
—



5.2. Emerging design opportunities 28

highlight area is reduced as a result of the shorter intake, which could reduce the adverse pressure
gradient before the intake. With this logic, design A27 is made. Design A27 copies most of design
A24, but it has a 29% shorter intake duct. The nacelle keeps the same thickness.

5.2.3. Geometries

The geometries of both A24 and A27 are shown in Figure 5.8. From Table 5.3 it can be seen that the
cone resulting from the increased contraction ratio reduces in both volume and wetted area. And as
only the discussed parameters have varied, there is a lot of geometric similarity between the designs.
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Figure 5.8: Contours and area distributions for designs with a higher contraction ratio and shorter nacelle.

Design  i[°] Cone contraction ratio [-] lintake [M]  Veone [M*]  Awer,cone [m?]

Baseline ~6 0.1872 0.5652 55.13 86.52
A23.5 11 0.1872 0.5652 59.05 89.72
A24 11 0.195 0.5652 56.30 86.40
A27 11 0.195 0.4000 56.30 86.40

Table 5.3: Geometric data of design A24 and A27, with the reference of the baseline design and A23.5
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5.2.4. Aerodynamic performance

The aerodynamic performance is shown by means of a graph displaying fan power versus net propul-
sive force. The plot contains many analysed design points in orange. The highlighted designs A23.5,
A24 and A27 are shown as green dots and the green dashed line indicates the linear interpolation
between two incrementally different fan pressure ratios. Table 5.3 shows interpolated values at the
NPF corresponding to 10% of cruise thrust.
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Figure 5.9: Fan power versus net propulsive force for the shortened fuselage and shortened intake designs.

DeSign Pfan [MW] APfan [%] IPR ['] FPR ['] mfan [kg/s] Min ['] P [MW]

Baseline 1.186 - 99.128 1.40 49.481 0.571 0.5763
A23.5 1.177 -0.81 00.200 1.4005 48.852 0.562 0.5718
A24 1.167 -1.65 00.204 1.3985 48.646 0.560 0.5694
A27 1.165 -1.81 00.326 1.3977 48.632 0.559 0.5677

Table 5.4: Aerodynamic results of the designs with a shorter cone and a shorter intake duct. APy,, indicates the
percentage difference between Py, of the design compared to the baseline design.

A24 Judging from the Table 5.4, the 0.81% fan power decrease observed from baseline to A23.5
has doubled progressing to design A24 (1.65% fan power decrease). As much of the shape is the
same, the behaviour in the flow field is not much different so the explanation of that gain most likely
lies in the wetted area reduction. Therefore, a significant aerodynamic efficiency gain is caused by
making the fuselage shorter. This is an indirect effect of the increased conicity, as this creates the
potential to shorten the fuselage without reducing the cone volume.
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A27 Lookingat the 1.81% fan power decrease from shortening the intake duct, the shortened intake
shows a small aerodynamic efficiency gain. The intake pressure recovery benefits from the shorter
intake, which is expected as the decreased intake area induces less irreversible losses in the intake
flow. The viscous dissipation term has reduced as a result. This is also recognized in Figure 5.10,
which shows a similar picture for both plots.

A24 A27

Figure 5.10: Viscous dissipation contours of design A24 and A27
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Conclusions and Recommendations

6.1. Conclusions

An engineering design application was developed that automates the routine for numerical simu-
lation of the aerodynamic performance of axisymmetric propulsive fuselage concept (PFC) designs.
The routine comprises parametric geometry generation based on a proposed parameterization, an
automated structured multi-block mesh generation and automatic numerical CFD (RANS) simula-
tion.

A parameterization of the 2D geometry of the BLI installation was proposed that proved flexible
enough to define well-performing axis-parallel and conical PFC geometries. A mathematical trans-
lation from those parameters to the aerodynamically useful CST-curve was developed and used to
mathematically define the geometry.

The domain size and mesh density were verified by means of a mesh convergence study. Further-
more, the meshing and simulation routines were validated using a status-quo design by Van Sluis
et al.[32], which showed reasonable agreement on all performance indicators. The difference in fan
power and net propulsive force is mainly explained by the difference in fan modeling methodologies.

The use of the application has been demonstrated by exploiting it in a design space exploration.
The goal of the design space exploration was to test the hypothesis that increasing conicity could
improve the aerodynamic efficiency, defined as the required fan power for a given net propulsive
force. The design space was bounded by engineering rules from off-design conditions and other
engineering disciplines than aerodynamics. These rules constrained the intake aspect ratio, fuselage
cone volume, maximum cone angle and nacelle trailing edge wedge angle.

A parameter sweep was conducted to isolate the effect of conicity on the design’s flow field and
aerodynamic efficiency. This parameter sweep showed a continuous reduction in required fan power
and viscous dissipation with increasing conicity level. The total pressure recovery of the captured
stream tube initially increased with conicity level, but beyond 11° the opposing effect of increasing
wetted decreased the total pressure recovery. The design with 11° conicity level (A23.5) showed a
0.81% aerodynamic efficiency improvement relative to a baseline derived from the previous CEN-
TRELINE project with less conicity.

That improvement was partially caused by less intake duct losses. The intake showed an in-
creased intake pressure recovery figure, due to the reduced need to turn the flow and due to the
monotonically contracting intake, which eliminated the flow diffusion in the intake. These two as-
pects contributed to lower intake total pressure loss.

Additionally, the plug size and convexity decreased as a result of the increased inclination angle
of the nacelle, while preserving exhaust duct cross-sectional areas. This strongly reduced the flow
acceleration and velocity over the plug geometry. This reduced the velocity gradient between this
flow and the low velocity wake flows of the nacelle and plug geometry. This significantly contributed
to a reduction of viscous dissipation in the jet flow.

With increased conicity, the fuselage cone volume and wetted area were found to increase. This
presented the opportunity to shorten the cone without reducing the fuselage cone volume nor ex-
ceeding the maximum rear fuselage contour angle of the baseline design. This resulted in a design
with a 4.2% shorter fuselage cone (called design A24) that showed a 1.65% aerodynamic efficiency
increase relative to the baseline geometry, mainly due to reduced wetted area.

31



6.2. Recommendations 32

As the intake duct of design A24 was no longer diffusing the intake flow and the guiding func-
tionality of the intake was ensured by the design space bounds, a 29% shorter intake duct was tested.
The performance improvement increased to 1.81%, due to the increased intake pressure recovery.

Overall, it is concluded that for PFC configurations with similar aircraft and propulsor scales to
the APPU specification, increasing the conicity of the rear fuselage and nacelle could contribute to
achieving higher aerodynamic efficiency in cruise conditions.

6.2. Recommendations
To improve the accuracy, credibility and usability of the model, the following is recommended:

- Improve the aerodynamic simulation accuracy by developing a more detailed fan model that
can impose or amplify radial profiles of flow quantities such as total pressure and temperature.

« Introduce a swirl component for more accurate modeling of plug aerodynamics. Omitting the
swirl leads to an underestimation of drag over the plug.

« Study the effect of the radial inflow due to the conical design on the fan efficiency.

- Using the power balance method on control volumes of interest (intake-, exhaust- or jet flow
to name a few), a future study could decompose, localize and quantify where power loss occurs
in the flow.

« Increase the number and fidelity of the engineering design rules bounding the design space.
This could be done by:

— Studying the aerodynamic performance of conical PFC designs in off-design conditions
such as take-off, side-slip angle or high angle of attack. This could lead to various shape
constraints (think of intake lip curvature, nacelle inclination angle, fuselage curvature)

— Linking another engineering discipline to the engineering design application. A first addi-
tion could be a structural analysis or weight estimation tool. That could show limits to the
nacelle thickness ratio, or show an structural weight improvement for a shorter fuselage.

Regarding parameterization of the propulsive fuselage concept, the following is recommended:

- The maximum fuselage cone angle and its axial location is a valuable parameter to give more
control over the fuselage shape. Considering the aerodynamic influence of the fuselage cone,
and the potential of shortening it without decreasing its volume, controlling these parameters
could lead to significant performance gains.

- The nozzle area is meaningful parameter to control, as it is very indicative of the fan mass flow.
If the nozzle area A,,,,;. and AAnozzle pre specified for a given nacelle shape, this makes the
outlet and plug shape dependent parameters.

- For conical designs, it is recommended to correct the area of the fan inlet face 4;,, for the angle
between it and the incoming (conical) flow direction. That way, the effective duct area reduc-
tion at conical inflow is corrected for. This allows a more focused study into the effect that mass
flow has on the efficiency of the design.

Regarding the shaping of the propulsive fuselage concept, it is recommended to further increase the
conical angle of the tangent of the fuselage contour at the fan inlet face (0;,, ;,,,). This increases cone
volume and reduces the cone curvature as long as there is an inflection point in the contour of the
fuselage cone. It is believed the highlight area is excessively increased for the most conical designs
in this study and this diffuses the flow too much. An increased 0;,, ;,,, could reduce this area back to
a more modest highlight area and cause less diffusion before the highlight plane.
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Appendices

A.1. Appendix A: Named expressions

The following list contains the definitions of named expressions (in Fluent syntax) that are used
to define boundary conditions in Fluent. These definitions are the implementation of equations
described in chapter 2. Note that Fluent uses gauge pressures, relative to the reference ambient
static pressure.

T 0 in : Average (TotalTemperature, [’engine intake’])

T 0 out : T 0 in * FPR"((gamma-1)/gamma)

h 0 in: MassFlowAve (SpecificTotalEnthalpy, [’ engine intake’])

h 0 out: MassFlowAve (SpecificTotalEnthalpy, ['engine outlet’])

P fan: mass flow out * (h 0 out - h 0 in)

mass_flow in: abs(MassFlow([’engine intake’]))

mass flow out: abs(MassFlow([’engine outlet’]))

p 0 in: AreaAve (TotalPressure, ['engine intake’])

p 0 out: (p 0 in + p amb) * FPR - p amb

P s 1in: AreaAve (StaticPressure, ["engine intake’])

p s out: AreaAve (StaticPressure, ["engine outlet’]

fan force: mass flow in* (MassFlowAve (Velocity.x, [

MassFlowAve (Velocity.x, [

area out * p s out - area in * p s in

)
"engine outlet’]) -
"engine intake’])) +

pressure force: PressureForce([’skin’]) .x
viscous force: ViscousForce(['skin’]) .x
surface force: pressure force + viscous force
net vehicle force: fan force - surface force

A.2. Appendix B: Calculation of target NPF
A top level requirement of the APPU concept is that the BLI fan produces 10% of the aircraft cruise
thrust. In cruise, thrust equals drag following from axial force equilibrium.

The drag of APPU’s baseline A321 Neo aircraft is assumed to equal the (unknown) drag of the
APPU configuration. This simplification is made because the installed BLI propulsor increases drag,
but as the under-wing engines can be sized smaller, the net drag addition is hard to quantify, making
the drag estimation of a APPU configuration less credible. The aircraft weight mid-cruise is assumed
to be the average mission weight. With the A321 Neo take-off weight (93.5 tons) and landing weight
(77.3 tons), the mid-cruise weight is then approximated as: Wy,;q cryise = 8.37 X 10°N.

The TU Delft in house mission calculator tool Initiator estimates the A321 Neo’s cruise lift-to-
drag ratio % to be 16.3. Using this ratio, the cruise drag is estimated to be D4 cruise = 51.3 X 103N.
The thrust demanded from the BLI propulsor (10% of total) is therefore Dy,;q cruise = 5.13 X 103N.

As the use of thrust and drag is avoided in this research, it is interpreted that the installation of
the BLI propulsor should have a net propulsive force of at least NPF;g cryise = 5.13 X 103N. This
value is used as the target NPF.
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