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Introduction

Commercial aviation faces increasing pressure to reduce fuel burn and emissions while maintaining
range, payload capability, and economic viability. While conventional tube-and-wing aircraft with under-
wing podded engines have achieved steady improvements through higher bypass ratios, aerodynamic
refinement, and lighter structures, further gains are expected to require more integrated propulsion
concepts. One such concept is boundary layer ingestion (BLI), in which a propulsor is placed in the
low-momentum wake of a body to partially recover the velocity deficit and reduce the shaft power
required for a given mission.

When a propeller or fan operates in BLI conditions, it ingests a strongly non-uniform inflow shaped by
the body boundary layer and the overall aircraft layout. This complicates both aerodynamic analysis
and blade design. Classical propeller design methods typically assume uniform or weakly sheared
inflow and prescribed radial loading, and are therefore not directly applicable to BLI. High-fidelity com-
putational fluid dynamics can in principle resolve these flows, but remains too costly and opaque for
systematic exploration of radial loading strategies and their effect on the wake.

This thesis develops a low-fidelity but physically informed actuator-disk-based framework to study
boundary layer ingestion for a body of revolution. The model combines three elements: a potential
flow solution for the outer inviscid flow and actuator-disk-induced velocities, a boundary layer model
providing the non-uniform inflow and displacement effect, and a slipstream correction model that re-
distributes mass and momentum downstream to ensure consistency with the ingested boundary layer
and global conservation laws. Together, these elements yield a coupled flow description that captures
the key physics of BLI while remaining computationally efficient and transparent.

Within this framework, the actuator disk is not restricted to a single uniformly loaded surface. Instead,
multiple disks with different radii can be combined to approximate prescribed radial pressure jump
distributions, such as an approximately elliptical loading or loadings biased towards the inner part of
the slipstream. These configurations are evaluated using wake-based metrics. An axisymmetric mixing-
loss metric quantifies the tendency of the slipstream to mix and dissipate energy downstream, while
power-flux measures compare the kinetic power in the inlet boundary layer, the downstream wake, and
an equivalent clean free stream.

To connect actuator-disk-level loading trends to practical propeller designs, the thesis formulates an



inverse blade design method. Prescribed radial pressure jump distributions and local inflow conditions
are translated into three-dimensional blade geometries using airfoil polar data and simplified blade
element relations. This provides a direct link between abstract loading concepts and blade shapes that
could in principle be manufactured.

The scope of the work is deliberately restricted to maintain tractability and focus on the dominant phys-
ical mechanisms. The body is modelled as an axisymmetric body of revolution, the outer flow is as-
sumed incompressible and inviscid, and the boundary layer is steady and axisymmetric. Structural,
acoustic, and aeroelastic constraints are not considered. Within these assumptions, the aim is not to
optimise a specific propeller, but to understand how radial pressure jump distributions influence wake
mixing and power flux in boundary layer ingestion, and to assess whether favourable distributions can
be realised as plausible blade geometries.

The remainder of this thesis is organised as follows. chapter 2 reviews the relevant literature on bound-
ary layer ingestion, actuator disk theory, and propeller operation in non-uniform inflow. chapter 3 de-
fines the research problem, identifies the knowledge gap, and outlines the preliminary methodology.
chapter 4 presents the coupled actuator-disk-based flow model, including the potential flow formulation,
boundary layer modelling, slipstream correction, and the extension from a single to multiple actuator
disks. In chapter 5, mixing loss and power-flux metrics are introduced and applied to assess the effect
of different loading distributions. chapter 6 describes the inverse blade design method used to translate
actuator-disk loading into three-dimensional blade geometries, followed by the resulting blade designs
in chapter 7. chapter 8 provides a validation of the proposed approach through comparison with an ex-
isting boundary-layer-ingesting propeller design. Finally, chapter 9 summarises the main conclusions
and provides recommendations for future work.



Literature Study

Before the start of the thesis, a literature study was conducted in the field of BLI. The main goal of this
literature study is to gain some insights and a general overview of the topic, get up to date with the past
and present research, and determine the current technology readiness level of this technology. This
would act as the baseline of the research question that is going to be worked on during this master’s
thesis at Delft University of Technology.

2.1. Boundary Layer Ingestion

Boundary Layer Ingestion is an aeropropulsive integration concept that seeks to enhance the aircraft
efficiency by taking advantage of the interaction between the airframe and the propulsion system. Un-
like traditional aircraft designs, where engines are mounted to minimise aerodynamic interference,
BLI places the propulsion system in such a manner that allows to ingest and re-energise the aircraft
boundary layer. This concept has gained attention in recent years as a means of improving fuel effi-
ciency. Some of the first investigations into the application BLI for air propulsion were carried out by
McLemore[18]

As explained by Arntz [4]: The thrust force produced by a propulsor is directly proportional to the
difference of the velocities, whereas the power consumed by the propulsor is directly proportional to the
square of the velocities. This implies that for a given thrust, the power required goes up with increasing
inlet velocity, and hence, placing the propulsor in the wake of the airframe might be beneficial. As
derived by Plas [19]: we consider the force, F, produced by an engine as follows:

F =m(Va — Vi) = mAV (2.1)

where V; and V; are respectively the inlet and outlet axial velocity and 7 is the massflow through the
engine. Similarly, the mechanical power, P, supplied by the propulsion system is:

P="wvz v =P+ 5 22)
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2.1.1. Momentum, power and Exergy Balance
The various techniques used for quantifying the performance of BLI aircraft can be categorized by
momentum integral methods, energy integral methods and exergy integral methods.

Momentum integral approaches establish a momentum equilibrium to determine drag and thrust. How-
ever, applying these methods to Boundary Layer Ingestion (BLI) configurations can be challenging, as
certain streamtubes are influenced by both the propulsor and the airframe, carrying only information
about the net force. Consequently, these methods often rely on significant assumptions and may over-
look interaction effects between the airframe and the propulsor. Despite being less reliable than power-
and exergy-based methods for configurations with strong propulsor—airframe interaction, momentum-
integral approaches remain widely used in early design because they require only limited flow informa-
tion (or simplified assumptions) and can be evaluated at low computational cost [17, 20, 12].

The first energy integral method, introduced by Drela [8], marked a major advancement in performance
assessment for BLI configurations. The Power Balance Method (PBM) enables the evaluation of an
aircraft’'s propulsive power by establishing a power balance over the control volume S, as illustrated in
Figure 2.1

Figure 2.1: Control Volume around an arbitrary propeller aerodynamic body used by the PBM [8]

The sink and the source terms are equated and are shown in Equation 2.3:

Ps+ Py +Pg=¢+¢ (2.3)

The term Pg represents the net propulsor shaft power, calculated by integrating the force multiplied by
velocity overall moving surfaces. This term accounts for power contributions such as that provided by a
propeller. The term Py refers to the volumetric power generated by fluid expansion against atmospheric
pressure, which becomes significant when heat is added to the system, as in the case of a turbojet
engine. Lastly, the term Pk represents the net inflow rate of mechanical energy into the propulsor. This
term is relevant when the propulsor is located outside the control volume, such as the one positioned
beneath the body in Figure 2.1. The right side of the equation represents the outflow of power from the
control volume. ¢é represents the net mechanical energy outflow through the Trefftz plane and the side
boundaries. The term ¢ is the dissipation of kinetic energy into heat within the control volume.
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While momentum-based and power-based control-volume analyses provide a clear framework to quan-
tify the theoretical benefit of ingesting low-momentum flow, they also highlight that the net benefit is
strongly dependent on how losses are generated and redistributed in the propulsor—airframe system.
In particular, the power-balance formulation provides a direct link between the imposed momentum ad-
dition, the wake non-uniformity, and the irreversible losses that occur during wake mixing and recovery.
This perspective is commonly used to interpret BLI performance beyond ideal actuator-disk arguments,
and to explain why the expected propulsive benefit can be reduced by additional dissipation in the
propulsor, ducting, and wake [9, 20, 12].

The PBM enables a clear calculation of the BLI benefit using a flow field around an aircraft, obtained
either through Computational Fluid Dynamics (CFD) simulations or detailed wind tunnel measurements.
However, the main drawback of this method is its reliance on a detailed flow field, making it less suitable
for conceptual design or design optimisation processes. The third category of methods for evaluating
BLI configuration performance is the exergy balance methods, first introduced by Arntz [4]. These
methods combine a momentum balance with the first and second laws of thermodynamics. Exergy,
the conserved quantity in this approach, represents the portion of energy that can theoretically be
converted into useful work. A key advantage of this method over the PBM is its ability to account for
thermal energy in addition to mechanical power. However, like the PBM, it also requires a resolved
flow field as input.

2.1.2. Propellers in Boundary Layers
The propulsive efficiency is often represented as:

TV
Pshaft ’

np = (2.4)
where T'V, is the useful propulsive power delivered to the aircraft and P, .5 is the mechanical power
supplied at the shaft. The difference between these quantities represents losses, which can be as-
sociated with (i) kinetic-energy flux left in the slipstream (i.e. the wake kinetic-energy excess) and (ii)
aerodynamic losses on the blades such as profile drag and, for a real propeller, losses related to swirl
and viscous dissipation [7, 16].

In an idealised actuator-disk interpretation (neglecting swirl and profile losses), the shaft power is pri-
marily used to increase the axial momentum of the flow, and the loss can be interpreted as the kinetic-
energy increase carried away by the wake. This makes the propulsive efficiency strongly linked to
the magnitude of the induced velocity relative to the flight speed: for a given thrust level, operating
at low V., typically requires a higher induced velocity, increasing the wake kinetic-energy excess and
reducing 7, [10].

A common non-dimensional parameter used to describe propeller operating condition is the advance
ratio: v

J = L (2.5)
where n is the rotational speed (rev/s) and D is the propeller diameter. For a given propeller geometry,
np is not a monotonic function of J over the full operating range: efficiency typically rises from low
values at very small J, reaches a maximum near a design condition, and then decreases again as J
becomes large and the blades operate at low loading [10, 7]. The exact 7,(.J) behaviour depends on
blade geometry, Reynolds number, and operating constraints (e.g. fixed pitch and fixed RPM versus

variable pitch), but the advance ratio remains a convenient parameter to compare operating points.
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2.1.3. Power Saving Coefficient

Smith[25] employed an Actuator Disk model to analyse power savings and efficiency, linking these
metrics to wake characteristics such as the shape factor, displacement thickness, and wake recovery.
This approach accounts for the non-uniformity of the wake. A Power Saving Coefficient (PSC) was
introduced to quantify the benefits of wake ingestion. Smith [25] theoretically concluded that maximum
efficiency is achieved when the wake is fully recovered, meaning the velocity deficit behind the propulsor
is eliminated. However, the analysis did not address the role of pressure in the solution, particularly
how the increased pressure behind the propeller adjusts to ambient conditions, which in turn affects
the axial velocity. Smith’s [25] examples demonstrated a potential power reduction of up to 20% for
complete wake recovery, based on the velocity relative to the freestream flow. The study emphasised
the importance of incorporating interaction effects into the design process for practical applications.

2.1.4. Propulsors in distorted and non-uniform inflow

A defining characteristic of boundary layer ingestion is that the propulsor operates in a non-uniform
inflow field, both in the radial direction (due to the boundary-layer velocity deficit) and, for realistic
airframes, potentially also circumferentially. In such conditions, the propulsor loading is no longer de-
termined by a single free-stream velocity, and the resulting slipstream can exhibit strong shear layers
that influence downstream mixing and losses. This means that propulsor performance predictions and
design methods developed for uniform inflow are not directly applicable to BLI configurations.

A range of engineering-level approaches have therefore been developed to predict propeller loading
and performance in prescribed non-uniform inflow conditions. In particular, actuator-disk and blade-
element/momentum-type methods can be adapted to accept a spatially distributed inflow profile and
estimate the corresponding blade loading and forces at low computational cost. An example is the
work of van Arnhem, who developed an engineering approach to estimate blade loading in nonuniform
flow and applied it to installed pusher propeller configurations with boundary-layer-type inflow profiles
[2, 3].

However, most distributed-inflow propulsor methods treat the inflow distortion as a prescribed input
and do not explicitly model the coupled interaction with the airframe boundary layer, including displace-
ment effects and the mutual influence between the propulsor-induced pressure field and the upstream
viscous flow. For BLI, this coupling is central: the propulsor both ingests and modifies the boundary
layer, and the resulting wake structure and mixing losses depend on the combined propulsor—airframe
solution. This motivates the coupled framework adopted in the present thesis, where the loading distri-
bution can be varied while accounting for the interaction with a body boundary layer and the resulting
slipstream development.

2.1.5. Examples of propulsion system integrated in the boundary layer

D8 Configuration

One of the earliest and most notable advancements in the field of BLI was the D8 configuration, initially
conceptualised in 2010 by Greitzer [11] as part of NASA's N+3 program. lllustrated in Figure 2.2, the
D8 design features a distinctive "double-bubble” fuselage, a twin pi-tail, and is intended to serve as an
airliner for the 180-passenger, 3000-nautical-mile range market, with a target Entry Into Service (EIS)
year of 2035. The engines are positioned near the rear stagnation point of the fuselage, integrated
flush with the top surface, and ingest approximately 40% of the fuselage boundary layer. The fuselage
also functions as a diffuser and flow aligner, allowing for smaller nacelles, which reduces both drag and
weight [27].
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Figure 2.2: Render of the D8 Configuration[11]

A design optimization study aimed at minimizing fuel burn for the D8 configuration was conducted
by Drela[8], followed by wind tunnel experiments on a 1:11 scale powered model, as presented by
Uranga[26]. The experimental results demonstrated a BLI benefit of approximately 6% when comparing
the boundary layer-ingesting configuration to a conventional pylon-mounted engine setup. Uranga[26]
further validated these results using the Power Balance Method (PBM), quantifying the BLI benefit at
8.6 £ 1.8%. Additionally, mission-level studies of the D8 concept reported fuel-burn reductions on the
order of ~36% relative to a conventional tube-and-wing baseline. It is important to note that this figure
reflects the combined impact of multiple technologies and design changes (e.g. airframe aerodynamics,
propulsion system integration, and operational assumptions), and cannot be attributed to BLI alone. In
contrast, the isolated propulsive benefit of BLI or propulsive-fuselage integration is typically reported as
a single-digit percentage change in required propulsive power under comparable operating conditions
[28, 12]. For this reason, the present thesis focuses on the local aeropropulsive mechanisms (wake
non-uniformity, mixing losses, and power balance) that determine the BLI contribution, rather than on
total mission fuel-burn accounting.

STARC-ABL Concept

In a 2016 study, Welstead [29] introduced the Single-Aisle Turboelectric Aircraft with an Aft Boundary-
Layer Propulsor (STARC-ABL), depicted in Figure 2.3. This configuration features two under-wing
engines, with power transmitted electrically to a boundary-layer ingestion (BLI) fan mounted at the rear
of the fuselage. Developed by NASA, the concept serves as an initial exploration into turbo-electric
propulsion, aiming to determine whether the BLI benefits can offset the losses associated with power
conversion. The aircraft was sized based on the mission profile of a Boeing 737 or Airbus A320, and
the design was projected for an entry into service (EIS) in 2035.
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Figure 2.3: STARC-ABL concept by NASA[29]

For design optimizations, performance was estimated using a simplified approach, which involved pre-
dicting boundary layer properties by interpolating existing CFD results for flow over the fuselage. No-
tably, the propulsion system weight of the turbo-electric configuration was found to be lighter than that
of the reference system. This weight reduction was attributed to the smaller diameter of the turbofan
engines and the higher efficiency of the fuselage-mounted fan. The turbo-electric concept showed im-
provements of 15% in thrust-specific fuel consumption and 12% in mission fuel burn when compared
to a reference configuration without the fuselage fan.

The NOVA configuration

As part of work conducted at the French National Aerospace Research Centre (ONERA) in 2016, Wiart
[30] introduced four Nextgen ONERA Versatile Aircraft (NOVA) configurations. Designed for entry into
service (EIS) in 2025, these aircraft were sized to carry 180 passengers over a range of approximately
5,600 km. One of the configurations featured BLI semi-buried turbofan engines located at the aft fuse-
lage, designed to ingest about 40% of the fuselage b‘oundary layer. The PSC was evaluated using
Reynolds-Averaged Navier-Stokes (RANS) simulations, with the fan represented as an actuator disk.
Under cruise conditions, the PSC was estimated to be 5

Figure 2.4: NOVA Configuration[30]

2.2. Actuator Disk Model

The actuator disk model is a technique for analyzing rotor performance. Here, the rotor is represented
as a permeable disk that allows the flow to pass through the rotor. At the same time, it is subject to
the influence of surface forces. This model was originally formulated by Rankine and Froude [22]. The
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classical actuator disk is based on the conservation of mass, momentum and energy This combined
with the blade element analysis results in the BEM model. In Figure 2.5, a simple actuator disk model
can be seen. Here, the propeller is represented as an actuator disk and as can be seen, this just simply
causes a sudden jump in total pressure.

AP, P,

Propeller

Figure 2.5: Actuator Disk Model[1]

The key assumptions of the actuator disk model are as follows:

» The actuator disk is infinitesimally thin (zero thickness).

» The outer flow is treated as steady, incompressible and inviscid (viscous effects are not resolved
by the disk model).

» The formulation is axisymmetric and the loading is prescribed as a radially symmetric pressure
jump (or equivalently an axisymmetric force distribution).

* In the simplest momentum-theory form, the flow in the streamtube is assumed uniform at each
axial station (one-dimensional approximation).

To construct a computationally inexpensive, low-fidelity model, the propulsor can be represented as
an actuator disk. The basis of this model is derived from the potential flow theory presented by van
Kuik[13]. This particular model is applicable to both energy-adding and energy-extracting actuator disks.
Van Kuik’s [14] actuator disk model uses a series of discrete vortex rings distributed along the slipstream
of the propulsor, extending downstream from the actuator disk to a prescribed location. Beyond this
point, the slipstream is assumed to be fully contracted and is represented by a semi-finite vortex tube
of constant radius R. Furthermore, the model imposes two boundary conditions on the slipstream:

* The velocity component normal to the slipstream must be zero.

* The slipstream surface must be force-free.

The primary input variables are the prescribed thrust and the radius of the fully contracted slipstream.
The velocity induced by the vortex rings is computed using the Biot-Savart law.

2.2.1. Problems of using Actuator Disk Model

The classical actuator-disk model is a useful first-order representation of a propulsor because it replaces
the detailed blade aerodynamics by a thin surface that imparts a prescribed pressure jump to the flow.
In its simplest (one-dimensional) momentum-theory form, the disk is treated as having zero thickness
and the pressure is discontinuous across the disk, while the flow properties upstream and downstream
are assumed uniform within the streamtube [10, 16]. In this idealisation the acceleration of the flow is
driven by the imposed pressure rise and is represented by a change in the streamtube velocity between
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the far upstream and far wake states. In reality, the propulsor has finite thickness and a finite number
of blades, so the pressure and velocity fields adjust continuously and the wake develops over a finite
distance through the roll-up and diffusion of vorticity.

A second limitation is that the basic actuator-disk model does not resolve the three-dimensional vortex
system generated by a real propeller (tip vortices and a trailing vortex sheet), nor the associated swirl
and detailed wake structure. As a result, important loss mechanisms: such as induced power associ-
ated with the vortex wake and mixing losses due to non-uniform slipstream profiles, must be introduced
through additional modelling assumptions rather than emerging directly from the solution [23, 13, 9].
More refined representations, such as lifting-line and vortex methods, model the propulsor loading as a
spanwise circulation distribution that sheds vorticity into the wake, enabling a more explicit link between
loading, induced velocities, and wake evolution [21, 16].



Problem Definition and Preliminary
Methodology

The focus of this chapter is to introduce the problem that is addressed in this thesis and to explain how
the planned methodology follows from it. First, the knowledge gap is identified in Section 3.1. Then,
the main research question and the associated objectives are formulated in Section 3.2. Finally, the
preliminary methodology that was set at the start of the project is outlined in Section 3.3, including the
structure of the planned modelling and analysis steps.

3.1. Knowledge Gap

Boundary layer ingestion is a promising concept to improve the propulsive efficiency of transport aircraft
by recovering part of the kinetic energy that is normally lost in the slipstream of the airframe. A propulsor
that ingests the low momentum boundary layer sees a strongly non uniform inflow, which changes both
the performance of the propulsor and the structure of the downstream slipstream. The potential benefit
of boundary layer ingestion therefore depends critically on how the propulsor loads the ingested flow
and on how much additional mixing is generated in the slipstream.

Most low-order studies of boundary layer ingestion systems make use of one dimensional actuator
disk models with a uniform pressure jump across the disk or with a simple radial dependence of thrust.
These models are valuable to understand global trends and to define quantities such as power sav-
ing coefficient. However, they do not systematically explore how the radial pressure jump distribution
influences the structure of the slipstream, the amount of irreversible mixing, and the subsequent oppor-
tunities and constraints for real propeller blades that must operate in this environment.

In particular, there is a limited understanding of how different radial loading strategies for a propulsor
in the slipstream of a body of revolution affect:

 The distribution of axial velocity in the slipstream,
» The associated mixing losses and power flux in the slipstream, and

» The resulting requirements for the radial variation of thrust that must be realised by a propeller
blade.

11
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Existing work either assumes a simple loading distribution and studies its consequences, or uses high
fidelity simulations that make it difficult to scan many candidate loadings or to build physical insight into
the connection between disk level loading and blade level design.

A related gap exists between low order actuator disk studies and actual blade geometries. Even when
a radial pressure jump distribution has been identified as favourable at disk level, it is not obvious how
this distribution translates into chord and twist distributions for a real propeller that sees a non uniform
inflow. Very few studies explicitly link a prescribed boundary layer ingestion loading with an inverse
blade design procedure.

The knowledge gap that this thesis addresses can therefore be summarised as follows. There is no
clear and systematic framework that connects radial pressure jump distributions for a boundary layer
ingesting actuator disk on a body of revolution to the resulting slipstream mixing losses and to the blade
geometries that could realise such loadings.

3.2. Research Question and Objectives
The central research question of this thesis is formulated as

“How can the radial pressure jump distribution of a propulsor operating in boundary layer ingestion on
a body of revolution be chosen in order to reduce losses in the slipstream, taking into account the
effect of the propulsor in the upstream flow?”

This question is intentionally broad. It connects three levels of the problem: the actuator disk level,
where the radial pressure jump distribution is prescribed; the slipstream level, where mixing losses and
power flux are evaluated; and the blade level, where a realistic geometry must deliver the required
radial loading under non uniform inflow.

To make this question tractable, the thesis is structured around the following sub questions:

» How does the choice of radial pressure jump distribution affect slipstream velocity profiles, power
flux and mixing losses for a given thrust?

* How can losses in the slipstream of a boundary layer ingestion propulsor be quantified in terms
of power flux and mixing?

* How can an improved radial pressure jump distribution be translated into a practical blade design
with chord and twist distributions?

With this research question and the subsequent sub questions, the thesis can be broken down and
divided into the following smaller objectives:

» Develop a low order axisymmetric flow model that combines a body of revolution, a representation
of the boundary layer and slipstream, and one or more actuator disks that can impose arbitrary
radial pressure jump distributions.

+ Define and implement measures for mixing loss and power flux in the slipstream of the body and
actuator disk system, in order to quantify how different radial loadings affect the quality of the
ingested and expelled flow.

» Explore families of radial pressure jump distributions, with particular attention to shapes that re-
semble elliptical loading and to the split of thrust between the region inside the body boundary
layer and the outer region.

» Formulate an inverse blade design method that, for a given design condition and for a given
radial pressure jump distribution, produces spanwise chord and twist distributions and a three
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dimensional propeller geometry that can deliver that loading under a simplified representation of
the inflow.

» Use the combination of the flow model, the mixing loss analysis and the inverse blade design re-
sults to identify qualitative design guidelines for radial loading in boundary layer ingestion propul-
sors on bodies of revolution.

The preliminary methodology that was defined at the start of the project describes how these objectives
are to be addressed.

3.3. Preliminary Methodology

The preliminary methodology specifies how the problem was intended to be approached at the start of
the thesis. It connects the research question and objectives to a set of modelling, analysis and design
steps. The logic of this plan is illustrated in the methodology overview diagram in Figure 3.1. The
figure shows a sequence of blocks that starts from the problem definition and then progresses through
flow model development, radial loading exploration, mixing loss and power flux analysis, inverse blade
design and, finally, validation and design guidelines.

The following subsections explain this plan in more detail. They describe the intended objective and
problem formulation, the design variables and constraints that were considered, the planned structure
of the modelling loop, and the expected outputs of the methodology.

3.3.1. Objective and Problem Formulation

The overall objective of the planned methodology is to identify radial pressure jump distributions for
a propulsor operating in boundary layer ingestion on a body of revolution that lead to reduced mixing
losses in the slipstream, while still delivering the required thrust. These distributions should also be
compatible with realistic propeller blade designs.

In physical terms the central quantity of interest is the non uniform axial velocity distribution in the
slipstream of the body and actuator disk system. Strong radial gradients in this velocity distribution
represent shear layers that will mix and dissipate kinetic energy. The aim is therefore to find radial
pressure jump distributions that give a slipstream with smaller velocity differences between adjacent
radii, particularly between the inner boundary layer region and the outer flow, without simply pushing
the problem elsewhere or losing too much benefit from ingesting low momentum fluid.

To isolate this problem, the planned methodology involves two levels of formulation:

+ At the actuator disk and slipstream level, for a fixed overall configuration and thrust requirement,
identify radial pressure jump distributions that lead to reduced mixing loss and to a favourable
distribution of power flux in the slipstream.

+ At the blade level, for a given radial pressure jump distribution and inflow representation, design
a propeller blade that can deliver that loading, and assess whether the resulting geometry and
spanwise loading are reasonable.

In a formal sense this can be seen as an optimisation problem in which the radial pressure jump dis-
tribution is the main design input and the objective is to reduce a suitable measure of mixing loss or
power dissipation in the slipstream, under constraints on thrust and on practical blade design. In this
thesis the emphasis is on building and exercising the framework for such an optimisation rather than
on running a specific numerical optimiser.
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3.3.2. Design Variables

The preliminary methodology identifies several design variables and degrees of freedom that can be
adjusted in order to explore the design space. The most important of these is the radial distribution of
pressure jump across the actuator disk.

The radial pressure jump distribution Ap(r) is controlled by a representation with multiple actuator disks
at different radii. Each disk has a specified radius and produces a uniform pressure jump over its area.
By selecting the number of disks, their radii and the fraction of total thrust assigned to each disk, a wide
range of effective radial pressure jump distributions can be constructed. Examples include distributions
that resemble an elliptical loading, distributions that concentrate thrust in the inner region or in the outer
region, and distributions that keep the loading level inside the boundary layer low or high.

Additional design choices include

+ the total thrust level that the actuator disk system must produce, which is linked to the assumed
drag of the body and any other components in the configuration

+ the representative boundary layer thickness and profile that define how the inflow to the disk
varies with radius

+ the selection of airfoil families and their distribution along the blade span in the inverse design
framework

« the rotational speed and number of blades in the propeller design step.

In the strict sense not all of these are optimisation variables. Some are fixed to define a baseline
configuration, while others are varied systematically to understand their influence on mixing loss and
on the resulting blade designs. The key point is that the framework is built to treat the radial pressure
jump distribution as a controllable design input rather than as a fixed assumption.

3.3.3. Constraints

The planned studies are subject to several physical and modelling constraints that shape the design
space. These constraints ensure that the radial pressure jump distributions and the resulting blade
designs remain meaningful for a boundary layer ingestion application.

The main constraints considered in the preliminary methodology are:

* Thrust requirement. For each configuration the total thrust produced by the actuator disk system
must match a prescribed value representing the net drag of the body and any other components
that are balanced by the propulsor at the chosen operating condition.

+ disk radius and geometry. The outer radius of the actuator disk is fixed and is tied to the
body size. The radial pressure jump distribution must therefore fit within this radius and must be
compatible with the body geometry.

Pressure jump limits. The pressure jump applied by the actuator disk should remain within a
reasonable range so that the implied blade loading is not unrealistically high. In practice this
means that very sharp peaks in Ap(r) are avoided.

Flow quality. The radial pressure jump distributions should not lead to flow features that clearly
violate the assumptions of the low order model, such as extensive reverse flow at the disk or
grossly separated slipstream structures.

» Blade design practicality. When a radial pressure jump distribution is passed to the inverse
design framework, the resulting chord and twist distributions should be at least qualitatively rea-
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sonable. Distributions that would require extremely large chord, very abrupt twist changes or
highly oscillatory loading are viewed as impractical.

These constraints do not appear as explicit inequality constraints in a numerical optimiser in the present
work. Instead they provide guidance on which families of radial loadings are worth considering and how
the parameter space is to be explored.

3.3.4. Optimisation Loop Structure

Although no formal optimiser is implemented in this thesis, the preliminary methodology is based on
the idea of an inner and outer loop structure that could support an optimisation in future work. This
structure also helps to organise the modelling tasks.

The imagined inner loop consists of a flow and performance evaluation for a given choice of radial
pressure jump distribution and other design inputs. It includes the following steps:

1. Define a candidate radial pressure jump distribution Ap(r) using the multiple disk representation
and fix the associated design inputs such as total thrust and boundary layer profile.

2. Run the axisymmetric flow model with body, boundary layer, actuator disk and slipstream repre-
sentation to obtain the velocity field and the slipstream geometry for this candidate. This is an
iteration loop where the upstream flow is also adjusted.

3. Compute slipstream based metrics such as mixing loss and power flux measures, as well as
derived quantities such as power saving coefficient, following definitions that are introduced later
in the thesis.

4. Pass the resulting radial pressure jump distribution to the inverse blade design model and derive
the corresponding chord and twist distributions and three-dimensional propeller geometry.

The outer loop would then adjust the design inputs, primarily the radial pressure jump distribution, based
on the outputs of the inner loop. In a true optimisation this could be driven by a numerical optimiser that
seeks to reduce a scalar objective such as a mixing loss measure under constraints. In the planned
methodology for this thesis the outer loop is instead realised as a structured exploration of a set of
predefined radial loading families and parameter variations.

3.3.5. Optimisation Strategy

Given the complexity of the coupled flow and blade design problem and the limited time available for
a master thesis, the chosen strategy is to focus on building a flexible framework and on exploring a
discrete set of radial pressure jump distributions rather than implementing a fully automatic optimiser.

The planned optimisation strategy therefore consists of the following elements:

» Define a small number of radial loading families that are physically motivated. Examples include
uniform loading, loading that approximates an elliptical distribution, and loadings that move thrust
from the inner ingested region towards the outer region or vice versa.

» For each family vary a small set of parameters, such as the relative thrust assigned to different
actuator disks, the radial break points between loading regions or the fraction of total thrust inside
the boundary layer radius.

» For each candidate within this families and parameters space, run the inner loop described above
to obtain mixing loss metrics, power flux information and inverse blade design results.
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» Use the collection of results to identify trends and to discover which features of the radial pressure
jump distribution appear favourable from the point of view of mixing loss and blade design.

In this sense the preliminary methodology treats optimisation in a broad sense, as the systematic
search for better solutions, rather than as a formal problem for a specific algorithm. The framework
is constructed in such a way that a more formal optimiser could be added in future work if desired.

3.3.6. Output
The expected output of the methodology can be grouped into three categories.

First, at the level of the body and actuator disk system, the framework delivers slipstream velocity
fields, slipstream shapes and associated quantities such as mixing loss and power flux for each radial
loading case that is considered. This allows different pressure jump distributions to be compared on a
consistent basis.

Second, at the blade level, the inverse design model produces spanwise distributions of chord and twist
and three dimensional propeller geometries corresponding to the radial loading cases. This shows how
different disk level loadings translate into practical requirements for blade design and whether certain
loadings would lead to unrealistic geometries.

Third, by combining these two levels the methodology yields qualitative design guidelines for boundary
layer ingestion propulsors on bodies of revolution. In particular it provides insight into which types of ra-
dial pressure jump distribution offer a promising compromise between reduced mixing loss, reasonable
propeller geometry and the desired thrust split between ingested and non-ingested flow.



3.3. Preliminary Methodology

17

Problem definition & objectives
BLI propeller in fuselage slipstream
Control radial pressure jump Ap(r)

Y
Flow model development
Axisymmetric body + actuator disk(s)
Boundary layer & slipstream stream-tubes

Y
Radial loading exploration
Multi-disk configurations
Prescribe families of Ap(r)

Y
Mixing-loss & power-flux analysis
Compute slipstream velocity profiles
Quantify losses & power saving trends

Y
Inverse blade design
Map Ap(r) — I'(r)

Derive chord, twist & airfoils

Y
Validation & design guidelines
Compare with reference tools

Identify favourable BLI loadings

Figure 3.1: High-level methodology of the thesis: from problem definition, through development and use of an
actuator-disk—based BLI flow model, to radial loading studies, inverse blade design and resulting design guidelines.



Coupled Actuator Disk Model

This chapter describes the coupled aerodynamic model used throughout this thesis to analyse boundary-
layer ingestion (BLI) on an axisymmetric body of revolution. The framework combines a potential-flow
solution for the outer flow, an integral boundary-layer model for the viscous region on the body, and
an actuator-disk representation of the propulsor. The formulation and numerical approach are based
on the potential-flow modelling framework developed by Kukucka [15], and are extended here with
actuator-disk loading strategies (including multi-disk approximations of radial loading) and a slipstream
correction model to provide the flow-field quantities required for the power-flux, mixing-loss and inverse
blade-design analyses.

4.1. Physical Configuration and Model Assumptions

The configurations considered in this thesis consists of an axisymmetric body of revolution, representing
a fuselage like shape, placed in a uniform free stream. One or more actuator disks are located at the
trailing edge of the body, so that the disks ingest a part of the boundary layer created by the body.

The model is based on the following assumptions:

+ steady, incompressible flow with constant density
+ axisymmetry about the body axis
* inviscid outer flow, described using a velocity potential

* no swirl (the actuator disk is modelled as only creating a constant pressure jump, tangential forces
are neglected)

+ thin boundary layer on the body, described by integral boundary layer methods

+ the actuator disk can be represented as an infinitesimally thin permeable surface with a prescribed
jump in pressure

+ the downstream slipstream can be represented by a set of concentric stream tubes whose radii
and axial velocities evolve according to mass conservation.

Within these assumptions, the model provides a spatially resolved description of the axial and radial
velocity field around the body and in the near slipstream of the actuator disk. This field is later used to
compute power-flux and mixing-loss metrics and to drive the inverse blade design methodology.

18
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4.2. Potential Flow Formulation
This section explains the potential flow formulation, which acts as the basis on which the rest of the
model is built.

4.2.1. Governing Equation
Outside the boundary layer and away from the actuator disk, the flow is assumed inviscid and irrota-
tional, so the velocity potential satisfies

V24 =0, (4.1)
with v = V¢. Equation (4.1) holds only in the fluid domain excluding the body and the disk. The solution

is made unique by imposing boundary and jump conditions:

* Impermeability on the body surface. The body surface is treated as a streamline, so the normal
velocity is set to zero at control points on Speay:

V(25 -n=0 on Sbody~ (42)

* Prescribed loading at the actuator disk. The actuator disk is modelled as an internal surface
that imposes a specified pressure jump Ap(r); this is enforced through a jump condition across
the disk plane rather than by the Laplace equation.

» Outer boundary condition. The unbounded domain is approximated by a cylindrical boundary
(tunnel wall or numerical far field) where the normal velocity is constrained to recover the desired
far upstream behaviour and to prevent net mass flux through the boundary.

4.2.2. Body of Revolution representation
The body of revolution is defined by its meridional contour

r=r(zx), T € [Tmin, Tmax)- (4.3)

The contour is discretised into N axial segments with nodes (x;,r;). Control points are placed at
segment midpoints,
Teyi = %(Iz +Tiq1), Tei = %(n +7ig1)- (4.4)

)

The local surface-normal direction is obtained from the segment slope,

Ty — Ty R . R .
o; = arctan(”) , n; = sin ¢; €, + cos ¢; &,.. (4.5)
i+1 — T4

The body is represented by axisymmetric source segments on the centreline. For segment j (length
¢;, strength o), the induced velocity at (z,r) is

Uy = kg ) u, =k, 03, (46)
with
ky = pr (sinfy — sinby), (4.7)
1
k. = I or (cosfy — cosby), (4.8)

where 6., 6, are the angles from (z,r) to the two segment endpoints (at z = z; F ¢,/2).
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Figure 4.1: Body of revolution contour r(z) and control points.

At each control point 4,
N,
(Voo + uAD + Utunnel + Z uj) ‘N = 0, (49)
j=1

which yields the linear system with entries

Aij =ky(xcisTei) sing; + kp(2ci, e i) COS ;. (4.10)

4.3. Actuator Disk Model implementation in Potential Flow

The actuator disk represents a propeller in a highly idealised manner. Instead of having individual
blades, the actuator disk idealises a propeller as an infinitely thin, permeable surface across which
the flow experiences a pressure jump. Usually, this pressure jump is constant in the radial direction.
This pressure jump correspondingly influences an axial momentum change. For a given disk, the local
thrust loading per unit area is given by:

t(r) = Ap(r) (4.11)

Here, r represents the radius of the actuator disk.

Similarly, the total thrust can be calculated by integrating this over the entire radius:

Raisk
T= 271'/ Ap(r)rdr, (4.12)
0

where Ry is the disk radius.

4.3.1. Vorticity Representation and Induced Velocity

The pressure jump prescribed across the actuator disk is implemented through a vorticity-based repre-
sentation of the added momentum in the slipstream. Within an inviscid potential-flow framework, the
momentum addition associated with the disk is modelled by introducing vorticity rather than by directly
modifying the velocity field.

The disk is discretised into a number of concentric annular elements. Each annulus sheds a circular
vortex ring immediately downstream of the disk plane, with a circulation proportional to the local axial
momentum addition across that annulus. The resulting set of vortex rings forms a discrete approxima-
tion of an axisymmetric vortex sheet convected downstream of the disk.
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The induced velocity field is obtained by superposition of the contributions from all vortex rings. Analyti-
cal expressions for the velocity induced by a circular vortex ring are used to compute both the axial and
radial velocity components. These induced velocities are added to the baseline potential-flow solution
around the body, yielding a combined velocity field that satisfies the governing equations away from
the disk and conserves the prescribed momentum addition in the slipstream.

Figure 4.2 shows the resulting streamline pattern of the coupled potential-flow and actuator-disk model,
illustrating the slipstream development downstream of the disk location.

—— Body of revolution
Potential-flow streamlines
—— Actuator disk
® Disk control points
® \Vortices

X/Rap [-]

Figure 4.2: Coupled potential flow and actuator disk solution, showing the streamline pattern and slipstream contraction
induced by the vorticity-based representation of the disk loading.

4.4. Boundary Layer Modelling

The presence of a fuselage boundary layer upstream of the propulsor is central to the boundary layer
ingestion concept. In the present model, the boundary layer developing on the axisymmetric body of
revolution is modelled using a low-order integral approach. Laminar and turbulent regions are treated
separately, and axial symmetry and body curvature are accounted for through appropriate geometric
factors. The model provides the evolution of boundary layer thickness, displacement thickness and
momentum thickness along the body. These quantities are used both to update the effective outer
body contour and to extract boundary-layer streamtubes that subsequently interact with the actuator
disks and slipstream.

4.4.1. External velocity distribution and geometry

The boundary-layer model is solved along the meridional contour of the body of revolution, defined by
stations {z;, r;} and local surface angle ¢(z). At each station the solution is described by displacement
thickness ¢; (z), momentum thickness 45 (), and shape factor H(x) = 4 /d2.

The driving outer-edge velocity U, (x) is taken from the coupled potential-flow solution. For each cou-
pling iteration, U, is evaluated on an offset contour outside the body, obtained by moving the surface
outward along the local normal using the current boundary-layer thickness. In the first iteration, when
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no boundary-layer thickness is available, U, () is approximated by interpolation of the surface velocity.

4.4.2. Laminar boundary layer

From the nose to a prescribed transition location, the boundary layer is assumed laminar and closed
using the Blasius similarity solution [24]. The momentum thickness is advanced by the axisymmetric
Karman momentum—integral equation for a body of revolution [24]:

d, 5 dU,. Tw
—_— = . 4.1
az (1702Ue) +roags = 7 (4.13)
The laminar wall shear is computed from the Blasius skin-friction law [6, 24]:
0.664 Ucx 1 772
— . = , w = % ) 4.14
Oﬁg \/RTQC7 Re y Ty 2pUe Cf,g ( )
The integral equation is discretised station-by-station as
Ami Tw,i Ue i Ue i—
Ly Gy () T (4.15)

02,0(2i) = d2,0(i-1) + 20U, ;

pUe.; Ax;

with AJ), =T; —Tj—1-

For the Blasius profile, displacement thickness and boundary-layer thickness are obtained from fixed
ratios to the momentum thickness [24]:

517g(56i) = 1.7208 527g($7;), (416)
(5@(3?1) =4.913 (52,5(1‘1‘), (417)

giving the laminar shape factor H, = 2.59. Figure 4.3 shows the velocity profile used for these relations.
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Figure 4.3: Blasius laminar boundary-layer velocity profile (u/U. versus y/d).
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4.4.3. Turbulent boundary layer
Downstream of transition the boundary layer is assumed fully turbulent. A one—seventh power-law
profile is used as a closure [24]:

1/7
u(y) y
=2 <y < 4. .
Wo(2) . osusa (4.18)
Figure 4.4 shows this profile.
Direct integration of (4.18) gives
1
01t = 2 0, (4.19)
7
b2 = =5 0. (4.20)

so the implied shape factor is constant: H, = 61 /2, = 9/7. The wall shear is closed with the standard
flat-plate correlation consistent with the one—seventh law [24]:

0.027

Cf,t(x) = @,

Tw = %pUSCﬂ. (4.21)

The turbulent momentum thickness is advanced using the same axisymmetric integral form as in the
laminar region [24]:

Axi Tw,i Uei_Uei—
0o.¢(x;) = b2 (wiz1) + 20, pU;,i -7 52,t(l’z‘71)’T/1 (4.22)
Once d3,.(z;) is known,
72
51,,3(1}1‘) = Ht (52)t($i), (St(l‘i) = 7 (527,5(1‘1‘). (423)
1.0 Turbulent (1/7th law)
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Figure 4.4: Turbulent boundary-layer velocity profile based on the one—seventh power law (u/U. versus y/é;).
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4.4.4. Transition, physical definitions and coupling
The transition location is prescribed as a fixed fraction of the body length. Upstream, {61, 02, H,C/}
are taken from the laminar model; downstream, from the turbulent model.

For coupling to the potential-flow solver, “physical” thicknesses are defined normal to the local surface
by projecting the planar thicknesses using the local surface angle ¢(z). The displacement thickness is
used to form an effective outer body contour by offsetting the original surface along the outward normal.
This contour is then used to update the outer inviscid flow and the next estimate of U, (z).

The boundary-layer edge also defines the initial conditions for the boundary-layer streamtubes used in
the slipstream analysis. The combined effect of displacement and actuator-disk loading on the stream-
line field is shown in Fig. 4.5.
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Figure 4.5: Coupled potential flow, boundary layer and actuator disk. The displacement thickness shifts the effective body
contour, and the actuator disk accelerates the flow and contracts the slipstream.

4.5. Slipstream Correction Model

The actuator-disk model describes the loading at the propulsor but does not capture the downstream
slipstream geometry resulting from the interaction between the propulsor, the body boundary layer,
and the outer flow. Since this slipstream structure directly affects the evaluation of mixing losses, a
low-order slipstream correction model is introduced.

4.5.1. Motivation

The actuator-disk model prescribes a radial pressure jump Ap(r) and the associated acceleration of
the flow through the disk, but does not describe the downstream slipstream geometry. In particular,
radial redistribution of momentum and interaction with the body wake are not captured. Since these
effects directly influence mixing losses and power fluxes, a slipstream correction model is introduced.

4.5.2. Slipstream model

The combined body—propulsor slipstream is represented using an axisymmetric streamtube model.
The slipstream cross-section is discretised into concentric streamtubes, each carrying a fixed mass
flow. For each streamtube j, mass conservation is enforced as

1n; = pUj(z) A;(x) = constant, (4.24)

allowing the streamtube radii to expand or contract in response to the local velocity field.
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The slipstream is assumed to originate at the outer edge of the body boundary layer at the trailing edge.
Initial streamtube properties are obtained by interpolating the boundary-layer solution at this location.

4.5.3. Coupling to the potential flow

Downstream of the slipstream origin, the streamtube radii are marched in the axial direction using
velocities obtained from the coupled potential-flow solution. The resulting mass-flow deficit relative to
the outer flow is expressed through a slipstream displacement thickness §,,, defined such that

Mdisp = pUsut 7T'(ngge - (redge - 6w)2) . (4.25)

The displacement thickness defines the effective slipstream boundary. Its local orientation is obtained
from the slipstream radius distribution as

0, (z;) = arctan (rw(mi) - TW(”““)) . (4.26)

Tij — Tj—1

Axisymmetric source elements are placed along this boundary to represent the displacement effect of
the slipstream on the outer inviscid flow. The corrected slipstream velocities are subsequently used for
the evaluation of mixing losses and power fluxes (Chapter 5).
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Figure 4.6: Fully coupled configuration including potential flow, boundary layer, actuator disk, and slipstream correction model.
The redistribution of streamtubes downstream of the disk is illustrated.

4.6. From a single to multiple actuator disks

This section describes the methodology used in order to control the radial distribution of the pressure
jump that is provided by the actuator disk. This is being done by adding multiple actuator disks of
reducing radii one after the other.

4.6.1. Limitation of a single actuator disk
In its simplest form, the actuator disk in this model applies a uniform pressure jump over its entire area.
Once the total thrust 7" and disk radius Rgy;s are specified, the mean pressure jump is fixed by
T T

= = — 4.27

Adisk 7rR?hsk’ ( )
and this same Ap acts at all radii 0 < r < Rgie. In other words, in the single-disk formulation the
model has no direct way to prescribe a radial variation Ap(r): the disk is either “on” or “off’, and the
only degrees of freedom are the total thrust and the overall size and position of the disk.

Ap
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Some radial variation in induced velocity still appears because the inflow is non-uniform (due to the
boundary layer) and because the disk has a finite radius. However, this variation is a consequence of
the inflow and geometry, not a design choice in the loading. If one wishes to investigate how different
radial pressure-jump distributions influence the slipstream structure and mixing loss, a single uniformly
loaded disk is therefore too restrictive.

4.6.2. Motivation for multiple disks

A central aim of this work is to study and ultimately control the radial pressure-jump distribution Ap(r).
In an idealised uniform inflow, an approximately elliptical radial loading is known to minimise induced
losses. In a boundary-layer-ingesting configuration, the optimal loading will not be exactly elliptical, but
the same principle applies: the ability to place more or less pressure jump at specific radii is essential.

To gain this control in a simple and flexible way, the actuator surface is not kept as a single disk. Instead,
it is decomposed into several coaxial actuator disks with different radii and thrust levels. Each of these
disks acts on a specific radial band of the flow and can be given its own constant pressure jump. The
superposition of all disks then produces an effective radial distribution Ap.g(r) that is piecewise con-
stant but can be shaped to resemble a desired continuous profile (such as an elliptical-like distribution
adapted to BLI inflow).

4.6.3. Construction of the multi-disk system
The multi-disk configuration is constructed in three steps:

1. Radial partitioning. The overall propulsor radius Ry is partitioned into radial bands. Each band
is associated with one actuator disk. For example, an inner disk may extend up to a radius Ry, a
second disk from R; to R,, and an outer disk from Ry to Ry.;. In the axisymmetric model these
bands are represented as disks with different radii, so that each disk predominantly affects “its”
part of the inflow.

2. Thrust allocation. The prescribed total thrust T3 is split into contributions T; for each disk ¢
using thrust fractions f;:

T, = fiTo, Y fi=1 (4.28)
For a disk of area A; = 7 R?, this gives a mean pressure jump on that disk of
T;
Ap; = 1 (4.29)

Because A; and T; can differ between disks, the resulting Ap; will also differ. By choosing the
radii R; and the fractions f;, the effective Ap.¢(r) becomes a piecewise distribution: higher in
some radial bands, lower in others.

3. Axial spacing. The individual disks are placed at slightly different axial positions, separated by
small gaps. Physically, this allows the flow accelerated by an upstream disk to adjust before
encountering the next one, and it avoids numerical singularities associated with placing multiple
pressure jumps exactly in the same plane. From a modelling point of view, the propulsor still
behaves as a single system, but the induced velocity field is smoother than if all jumps were
applied in a single plane.

4.6.4. Multi-disk loading versus elliptical distribution
To evaluate how well a finite number of concentric actuator disks can represent a smooth radial loading,
the one-disk, two-disk and four-disk configurations are compared to an idealised elliptical distribution.
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The ellipse is taken as the target bell-shaped loading profile y.;; (), while the actuator-disk configura-
tions are represented by stacked rectangles y...+(r) of constant height over prescribed radial intervals
(see Fig. 4.7). For each case, the total area under the rectangular profile is scaled to match the area
under the ellipse, so that the integral thrust is essentially the same. The remaining question is how well
the shape of the radial loading is reproduced.

The similarity between the rectangular approximation and the elliptical reference is quantified using a
relative L, shape error. Denoting the outer radius by R, the error is defined as

R 2
</O [yrect(r) - yell(r)] d’l")

€Ly = 1/2 ’ (430)

"R
(/ ye211(7’) d7’>
0

which measures the root-mean-square deviation between the two curves, normalised by the rms level
of the reference ellipse.

1/2

For a single uniformly loaded disk, the relative L, shape error is approximately 31%, indicating that the
constant radial loading is a poor representation of the bell-shaped elliptical profile. Allowing two disks,
and therefore two different constant loading levels over an inner and an outer band, already improves
the fit: the error drops to about 18%. With four disks, the rectangular bands become narrower and their
heights can vary more gradually across the radius. This additional flexibility reduces the error further
to roughly 9%. The trend is clearly visible in Fig. 4.7: as the number of disks increases, the stacked
rectangles trace the curvature of the ellipse more closely.

In summary, the L, shape error confirms that increasing the number of concentric actuator disks does
not change the total thrust, but it does lead to a progressively better representation of the desired
elliptical radial distribution. This improved shape fidelity is important for the subsequent slipstream
calculations and mixing-loss analysis, where the radial variation of the pressure jump is more relevant
than the exact value of the integral thrust alone.
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Figure 4.7: Radial loading representations for actuator-disk configurations with one, two and four concentric disks. The
rectangles are scaled to match the total area of the reference elliptical distribution, while the Ly shape error (4.30) quantifies
the remaining difference in radial shape.

With four actuator disks, the fully coupled model is shown in Fig. 4.8. The four black bars near z = 0 m
represent the individual actuator disks, placed one after the other with a prescribed axial spacing and
with different radii. The smallest disk is chosen to be slightly larger than the slipstream radius used in
the wake model. This ensures that the coupling between the actuator-disk solver and the slipstream
model remains robust, as the current implementation does not yet support a radially varying pressure
jump that is entirely confined within the slipstream region.
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Figure 4.8: Combined coupled model with four actuator disks, illustrating the concentric loading bands used to approximate
the elliptical target distribution.

4.7. Numerical solution procedure

In this section, the numerical procedure used to solve the coupled body, actuator disk, and boundary
layer problem is summarized. The main steps of the algorithm are shown in Figure 4.9. The procedure
starts with the definition of the problem parameters and the creation of the objects that represent the
body, actuator disks, and boundary layer. An initial linear solve with a prescribed thrust provides a first
estimate of the flow field.

The core of the method is an iterative loop in which the slipstream radius, the boundary layer solution
and the slipstream correction are updated, after which drag and net force are evaluated and the thrust
is adjusted to enforce force balance. Once the convergence check is satisfied, a post processing stage
computes the final drag and thrust, mixing losses and power flux, and saves the results and plots.

The convergence check is done by caluclating the reation between the provided thrust by the combi-
nation of actuator disks and the calculated skin friction drag due to the body of revolution. The solution
is converged once these 2 values are equal to each other.
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Figure 4.9: Coupled Actuator Disk Model Flow

4.8. Results of the coupled model

This section illustrates the behavior of the fully coupled model, in which the potential flow solution, the
body boundary layer, and the slipstream correction are all active. The focus is on two representative
configurations. The first is the baseline with a single actuator disk. The second is a configuration with
four actuator disks that is used to approximate an elliptical pressure jump distribution in radius.

4.8.1. Single actuator disk

The starting point of the analysis is the baseline configuration with a single actuator disk at the axial
location of the propulsor. Figure 4.10 shows the coupled flow field for this case. The body, the boundary
layer and the actuator disk are all visible, together with streamlines and slipstream streamtubes.

Upstream of the disk the boundary layer develops along the body and produces a slipstream deficit
behind the trailing edge. The streamlines near the wall are displaced away from the body due to the
displacement thickness that is imposed on the potential flow. This creates a thicker slipstream region
in which the axial velocity is reduced compared to the free stream.

Across the disk the prescribed pressure jump accelerates the flow in the loaded annulus. This is seen
as a local contraction of the streamlines and an increase in axial velocity downstream of the disk plane.
The slipstream edge appears as a shear layer that separates the accelerated core from the outer flow
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that is only weakly disturbed by the propulsor.

Further downstream the slipstream correction model redistributes the mass flow over concentric stream-
tubes. The slipstream streamtubes expand and gradually relax, and the axial velocity in the slipstream
core approaches a nearly constant value. The combination of body boundary layer, actuator disk load-
ing and slipstream expansion gives a first impression of how the coupled model represents a boundary
layer ingestion propulsor.

4.8.2. Four actuator disks

The second configuration employs four actuator disks of different radii, placed with a small axial spacing.
This arrangement is used to approximate an elliptical radial pressure-jump distribution, in which the
loading is concentrated towards the inner part of the slipstream and gradually reduced towards the
outer radius. The disk radii are chosen as R = 0.15 m, 0.8R, 0.6R, and 0.4R, respectively. Each
actuator disk is prescribed the same thrust per unit area, such that the overall radial loading distribution
is determined solely by the disk radii rather than by differences in local disk strength.

Figure 4.11 shows the axial velocity field for this configuration, normalised by the free-stream velocity.
The superposition of the four loading planes produces a radially non-uniform acceleration of the flow,
with the strongest velocity increase occurring near the axis and a smoother transition towards the
slipstream edge. This behaviour reflects the intended elliptical loading, in which low-momentum fluid
from the boundary layer is preferentially re-energised while avoiding excessive acceleration near the
slipstream boundary.

1185

Axial velocity field 1.054

— Body

--- Boundary layer edge 0.924
0.794
0.663
0.533

0.403

Axial velocity (normalised)

0.272

Radial position (scaled by disc radius)

Distance along flow (scaled by disc radius) 0.142

0.012

Figure 4.11: Normalised axial velocity field V,, / Vs for the fully coupled model with four actuator disks of radii 0.15 m, 0.12 m,
0.09 m, and 0.06 m.
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Mixing Loss and Power Flux Analysis

The actuator-disk boundary layer ingestion model developed in the previous chapter provides the ve-
locity field in the slipstream of the body and propulsor. To compare radial loading strategies and relate
slipstream behaviour to propulsive performance, this chapter introduces two scalar measures:

+ an axisymmetric mixing-loss metric based on radial shear in the axial velocity, and

» power-flux measures that quantify how much kinetic energy is added to and carried by the slip-
stream.

Both measures are simple by design. They do not replace turbulence modelling or a full exergy bal-
ance, but provide a consistent way to compare radial pressure-jump distributions within the low-order
framework of this thesis.

5.1. Motivation and definitions

In a boundary layer ingestion configuration, the propulsor ingests low-mo mentum fluid from the body
wake and accelerates it. Ideally, the slipstream velocity should be uniform in radius so that no further
irreversible mixing is required and the available kinetic energy is used efficiently. In practice, the body,
actuator disk and finite number of blades produce non-uniform velocity distributions in radius and in the
axial direction.

Mixing losses are associated with velocity gradients that drive shear and turbulence. In the axisymmet-
ric model used here, the relevant gradients are the radial variations of the axial velocity component in
the slipstream. Strong radial gradients in V,.(r) at a given axial station indicate shear layers that will
generate turbulence and dissipate kinetic energy downstream.

At the same time, the propulsor adds kinetic energy to the flow to produce thrust. The rate at which
kinetic energy is transported downstream by the slipstream is interpreted as a power flux. Comparing
power fluxes between configurations, and between cross sections before and after the propulsor, shows
how the supplied power is distributed between useful thrust and slipstream kinetic energy.

Both the mixing loss and power flux evaluations are performed at a downstream distance of approxi-
mately 0.5 m from the actuator disk. This choice follows from the observed development of the axial
velocity in the slipstream, where the flow requires roughly three actuator disk radii to reach a quasi

33
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steady state after passing through the propulsor.

The evolution of the streamline velocities for the four disk configuration is shown in Figure 5.1. The
axial velocity continues to increase over the first several tenths of a metre downstream and stabilises
only beyond z =~ 0.5 m. The streamline originating inside the boundary layer experiences the largest
acceleration, which is consistent with the fact that the strongest pressure jump is applied in this re-
gion. For this reason the location x = 0.5 m is used as the representative downstream plane for the
comparison of mixing loss and power flux results across all actuator disk configurations.
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Figure 5.1: Streamline evolution of model with 4 actuator disks

5.2. Axisymmetric mixing-loss metric

5.2.1. Definition

The mixing-loss metric is based on the radial shear of the axial velocity in a cross section of the slip-
stream. For a given axial location z, the model evaluates the axial velocity V,.(r) on a radial line and
estimates its radial derivative 0V, /0r. Stronger radial gradients correspond to stronger shear and
higher mixing loss.

An axisymmetric proxy for the rate at which viscous effects dissipate energy is

Tmax 2
Prix(z) = 27r,u/ (8‘/; (z, r)) rdr, (5.1)
0 87’

where p is the dynamic viscosity of air and r,.x is chosen to cover the slipstream region of interest.
The factor 27 corresponds to circumferential integration of a quantity proportional to (9V,./0r)? over
a ring at radius r. The quantity Pnix(z) has the dimensions of power per unit axial length and is used
as a mixing-loss metric for that axial station.

Within this work the analysis focuses on relative comparisons between configurations and axial posi-
tions. The absolute value of Py« is less important than its variation with x and its sensitivity to changes
in the radial pressure-jump distribution.

5.2.2. Combined velocity field and axial averaging
In the numerical implementation the velocity field used in Equation (5.1) is built from two components:
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+ a potential-flow solution, which provides induced axial and radial velocities (V;, pot, V;pot) €very-
where, and

+ a slipstream model for the actuator disk, which provides piecewise constant axial velocities along
streamtubes in the propulsor slipstream.

The axial velocity used in the mixing-loss evaluation combines these two fields:

+ V, is taken from the slipstream model where slipstream data are available and from the potential
flow otherwise;

* V., is always taken from the potential-flow solution.

This ensures that the mixing-loss metric reflects the axial velocity structure produced by the slipstream-
correction model in the propulsor jet, without superposing two different representations of the same
slipstream.

To reduce sensitivity to discrete slipstream structures, the velocity profile at a given axial location z is
obtained by averaging over a small axial window centred on z. A set of locations « € [z — Az, z + Ax]
is defined and the profiles V. (z, ) on a radial grid are averaged over these sample points. The window
half-width is of the order of one vortex spacing in the slipstream. This axial averaging smooths small-
scale oscillations and yields a more robust estimate of the radial shear.

5.2.3. Numerical evaluation
For each axial station z where the mixing-loss metric is evaluated, the following steps are carried out:

1. Define a radial grid ; between a small inner radius and ., typically up to a factor of the actuator-
disk radius.

2. Define an axial averaging window centred on x with half-width equal to a reference spacing be-
tween slipstream vortex elements, and choose a small number of sample points x, in this window.

3. Foreach pair (z1, r;), compute the axial and radial velocities. Obtain the base values (V; pot, V7 pot)
from the potential-flow solution. If the point lies within the axial extent of the slipstream model and
within a slipstream streamtube, override the axial velocity by the corresponding slipstream-model
value; keep the radial velocity equal to the potential-flow value.

4. Average the axial velocity profiles over the sample points z, to obtain a smoothed profile V,(z, r;).
5. Approximate the radial derivative 9V,./9r on this radial grid with a finite-difference gradient.
6. Evaluate the integrand (9V,./0r)?r at each radial grid point and compute the integral in Equa-

tion (5.1) using the trapezoidal rule.

The result is recorded as Pnix(x). In the comparison studies this procedure is repeated for multiple
axial locations downstream of the actuator disk for each radial loading case, and the resulting curves
Pnix(z) are compared between cases.

The mixing-loss metric is a simplified representation: it neglects detailed turbulence modelling and
small-scale structure, but captures the effect that strong radial velocity gradients in the slipstream are
associated with higher dissipation and provides a consistent way to compare radial loading strategies.

5.3. Power-flux analysis
This section defines the power-flux measures used in the analysis and introduces the normalised quan-
tities used to present the results. Power flux is evaluated at three axial stations: (i) a freestream refer-
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ence, (ii) an upstream plane representing the ingested boundary-layer inflow, and (iii) a downstream
plane in the slipstream where the wake has developed. The locations used in the present framework
are shown in Figure 5.2.
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Figure 5.2: Axial stations used for power-flux evaluation: a freestream reference, an upstream plane, and a downstream plane.

5.3.1. Definition of power flux
For an incompressible flow, the kinetic power transported through a cross section at axial position x is
defined as

. 1 Tmax 1
P(z) = /A 3 pV3(z,r)dA = / 3 p V3 (x,r) 2nrdr, (5.2)

Tmin

where V,.(z,r) is the axial velocity, p is the density, and [rmin, "max] defines the annulus of interest.
This quantity has the dimensions of power and represents the kinetic-energy flux through the control
surface.

Within the present framework, the powered configuration corresponds to the flow past the body with
its boundary layer and the actuator disk active. The corresponding power flux is denoted Pyoqy+disk ()
and is evaluated from the combined potential-flow and slipstream-corrected velocity field on the same
radial grid used for thrust and mixing-loss calculations.

Freestream reference. A reference power flux is defined from a uniform freestream without body or
disk: ) )
Pa= [ GoVEAA= S pVE R (= i) (5.3)
42 2

where V, is the freestream speed. This reference represents the kinetic power that would be present
in an undisturbed flow through the same annulus.

Upstream plane. In the upstream plane, the inflow is affected by the body-induced boundary layer,
resulting in a non-uniform axial velocity. In addition, the body induces a static-pressure field that con-
tributes to the mechanical power flux through pressure work. The upstream power flux is therefore
evaluated as

1 Mmax (]
Pp = /A (2 pV3 +pVx> dA = / <2 pV3(x,r) + pla,r) Vx(x,r)> 2mr dr, (5.4)

where V,(z,r) is the axial velocity from the boundary-layer model and p(z,r) is the static pressure
obtained from the potential-flow solution for the body without actuator forcing. The static pressure is
assumed uniform across the boundary-layer thickness at a given radial location, such that the pressure
field is fully determined by the outer potential flow.
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Downstream plane. Downstream of the actuator disk, the axial velocity field is taken from the com-
bined potential-flow and slipstream-corrected solution. The downstream power flux is evaluated using
Equation 5.2 on the same annulus [ruyin, Tmax], @nd is denoted Pyown. This quantity captures the kinetic-
energy flux remaining in the developed slipstream and is used as an indicator of wake non-uniformity
and loss-related behaviour in the subsequent analysis.

5.3.2. Normalised power differences
In the numerical post-processing, the power-flux differences are expressed in dimensionless form. For
a given configuration the upstream and downstream power fluxes in the powered case are

Pup = Pbody+disk($up)7 Piown = Pbody+disk(xdown)7 (5-5)
evaluated at fixed axial positions upstream and downstream of the actuator disk.

Two normalised power differences are then formed:

— P — P
APdown-up = 7dow]nj up’ (5.6)
up
_ P - Py
APgown-free = dow;i' (5-7)

The quantity @down_up measures the relative power added by the actuator system between the inlet
boundary layer and the downstream plane, normalised by the upstream power flux in the annulus.
The quantity Z_\Pdown_free measures the relative excess (or deficit) of downstream kinetic power flux
with respect to a clean tunnel, normalised by the freestream reference P,,. Both are reported as
percentages in the results.

In the remainder of this chapter the shorthand
P(2) = Poody+disk(2)

is used, and the focus is on the normalised differences ﬁ’down_up and @down_free rather than on the
absolute power levels in watts.

5.4. Results: mixing loss

The mixing-loss behaviour is analysed at a downstream station where the slipstream has stabilised.
From the streamline plot in section 5.1 it is observed that the axial velocity in the slipstream becomes
nearly constant at approximately « ~ 0.5 m. The station z = 0.5 m is used as the reference location.

At this location, the radial structure of the slipstream is characterised by the axial velocity gradient
0V, /Or. The gradient is computed from the combined potential-flow and slipstream-corrected velocity
field. The axial velocity is sampled on a radial grid at the z-positions of the vortex rings and then
averaged over a small axial window to reduce local oscillations. The radial gradient is obtained from
this averaged profile.

Figure 5.3 shows the normalised radial distributions of 9V, /dr at © = 0.5 m for one to four actuator
disks at equal total thrust. In the single-disk case (Figure 5.3a), the gradient exhibits a pronounced
peak near the slipstream edge, indicating an abrupt velocity change between the slipstream core and
the outer flow. When additional disks are introduced (Figures 5.3b—5.3d), the peak is reduced and
the profile becomes progressively smoother. This reflects that the effective loading becomes more
distributed, and approaches a more elliptical pressure-jump distribution, which yields a more gentle
and less abrupt velocity gradient.



5.4. Results: mixing loss

38

Velocity profile

1.0 +

0.8 4
3 0.6
2
=
0.4 1
0.2 4
— Velocity profile
---- Actuator disc radius
0.0 T T T T T
0.6 0.8 1.0 12 1.4
V|V
(a) 1 actuator disk
Velocity profile
1.0 + H
0.8 +
T 0.6
3
=
0.4
0.2 4
— \Velocity profile
---- Actuator disc radius
0.0 T T T T T
0.6 0.8 10 12 14
VIVe

(c) 3 actuator disks

riLap [-]

fiLap [-]

Velocity profile

10

0.8 4

0.0

— Velocity profile

0.6 1
0.4
0.2
---- Actuator disc radius
T T T
0.6 0.8 1.0

12 14
V|Ve

(b) 2 actuator disks

Velocity profile

10

0.8

|

0.6

0.4

|
\

0.2
— Velocity profile
---- Actuator disc radius
0.0 T T T
0.6 0.8 1.0

12 14
V|Ve

(d) 4 actuator disks

Figure 5.3: Normalised radial distributions of the axial velocity gradient 0V, /0r at z = 0.5 m for configurations with one to four

actuator disks at equal total thrust.

The integrated mixing-loss values are reported in Table 5.1. All cases produce the same total thrust.
The values are normalised with respect to the single-disk case, with Lyyix1 = 0.01228 W /m, such that
Lmix,N = Lumix,N/Lmix,1- The normalised mixing loss decreases with the number of disks: Emixg =
0.775, imixﬁ = 0.622, and imixA = 0.558. This trend follows from the mixing-loss integral scaling with
(0V,/0r)?: smoothing the velocity gradient lowers the peak gradients and reduces the total loss.

Table 5.1: Mixing Loss. Values for N > 1 are normalised by the single-disk case Lyix,1 = 0.01228 W /m.

Configuration Normalised mixing loss Linix
1 disk 1.000
2 disks 0.775
3 disks 0.622
4 disks 0.558




5.5. Results: power-flux analysis 39

5.5. Results: power-flux analysis

Two sets of power-flux results are compared. The first varies the number of actuator disks from one
to four while keeping the overall loading concept fixed, showing how redistributing the same nominal
thrust over more disks changes the downstream power flux and recovery of the ingested boundary
layer. The second varies the radial thrust distribution for a fixed three-disk configuration, starting from
approximately uniform thrust per unit area and progressively biasing the loading towards the inner radii
where the inflow is most affected by the boundary layer.

All power-flux quantities are evaluated at a single upstream plane located 0.15 m upstream of the
actuator disk and a downstream plane located 0.5 m behind it. For all configurations, the axial power
flux has reached an approximately constant level at these distances. The results are presented in terms
of the normalised differences ZI\Ddown_up and Zl\Ddown_free defined in Equations (5.6)—(5.7).

5.5.1. Number of actuator disks

In this subsection, only the number of actuator disks is varied, while the operating condition and thrust
distribution per unit area are kept constant. Table 5.2 summarises the normalised power-flux differences
for the four configurations considered.

Table 5.2: Normalised power-flux differences when only the number of actuator disks is varied.

Configuration AP qown—up [-]

1 disk 0.573
2 disks 0.550
3 disks 0.509
4 disks 0.501

All configurations introduce a significant increase in kinetic power between the inlet boundary layer and
the downstream plane. The quantity K]\Ddown,up represents the additional power that must be supplied
by the actuator system, normalised by the upstream power flux in the annulus.

When moving from a single-disk configuration to multi-disk layouts, the normalised upstream—-downstream
power-flux difference decreases monotonically from approximately 0.57 for one disk to about 0.50 for
the three- and four-disk configurations. This indicates that, for effectively the same thrust level, dis-
tributing the pressure jump over multiple actuator disks reduces the fraction of the processed power
that must be added between the two planes.

An additional contributing factor to this trend is the increased interaction between the actuator system
and the inlet boundary layer as the number of disks increases. By distributing the pressure jump over
multiple axial locations, a larger portion of the total power addition occurs closer to the low-momentum
boundary-layer flow. As a result, the actuator system more effectively exploits the reduced kinetic
energy of the ingested flow, leading to a lower relative power requirement for a given thrust level.

It can therefore be concluded that, for a fixed thrust level, increasing the number of actuator disks re-
duces the relative power requirement of the actuator system, indicating a more power-efficient propulsor
configuration.

5.5.2. Effect of thrust weighting for the three-disk configuration
In this subsection, the number of actuator disks is fixed at three and only the radial thrust distribution
is varied. The strong inner weighting configuration corresponds to a thrust split of 15%—15%—70% over
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the outer, middle and inner disks, such that 70% of the thrust is produced by the smallest disk located
largely within the boundary layer. The equal loading case distributes thrust uniformly over all three disks
(33%—33%—33%). The moderate inner weighting configuration uses a thrust split of 25%—25%-50%. The
resulting normalised power differences are summarised in Table 5.3.

Table 5.3: Normalised downstream—freestream power-flux differences for the three-disk configuration with varying thrust
weighting towards the inner part of the actuator disk.

Configuration AP gown—free [1]
Inner weighting (15% / 15% / 70%) 0.021
Moderate inner weighting (25% / 25% / 50%) 0.027
Equal loading (33% / 33% / 33%) 0.032

The normalised downstream—freestream power-flux difference decreases as a larger fraction of the
thrust is produced within the boundary layer. For the equal-loading configuration, the slipstream con-
tains approximately 3.2% more kinetic power than the undisturbed tunnel flow. This excess decreases
to 2.7% for the moderate inner weighting and to 2.1% when most of the thrust is generated by the inner
disk.

These results indicate that, for a fixed number of actuator disks, shifting thrust production towards
the boundary layer reduces the fraction of added power that is convected into the outer flow. As a
result, a larger portion of the actuator power is used to re-energise the boundary-layer flow rather than
increasing the kinetic energy of the surrounding freestream.

5.5.3. Combined interpretation of power-flux results

The power-flux analysis is used to compare actuator-disk layouts and radial thrust distributions in terms
of the power required by the actuator system and the amount of surplus kinetic energy convected into
the slipstream.

Increasing the number of actuator disks while keeping the operating condition and thrust per unit area
fixed leads to a reduction in the normalised upstream—downstream power difference ﬁdown,up. For
effectively the same thrust, multi-disk configurations therefore require a smaller relative power input
between the upstream and downstream planes.

For a fixed number of disks, the three-disk weighting study shows that the normalised downstream—
freestream power difference Z]\Ddown,ﬁee decreases as thrust is shifted towards the boundary layer.
Concentrating thrust production on the inner disk reduces the amount of excess kinetic energy present
in the slipstream relative to a clean tunnel, while the upstream—downstream power addition remains
nearly unchanged.

These results indicate that combining a multi-disk actuator layout with thrust weighting towards the
boundary layer reduces both the relative power input required for a given thrust and the fraction of that
power that is convected into the outer flow as surplus slipstream kinetic energy.



Inverse Blade Design

This chapter presents the inverse blade-design framework used to translate a prescribed actuator-disk
loading into a propeller geometry. The method takes the radial pressure-jump distribution Ap(r) ob-
tained from the coupled BLI actuator-disk model and converts it into a target annular thrust distribution,
which is then matched using a BEM formulation. The resulting chord and twist distributions are used to
construct a three-dimensional propeller geometry and to provide consistent blade-level interpretations
of the disk-level loading strategies analysed in this thesis.

6.1. Overview and Objective

The inverse blade-design model connects a prescribed actuator-disk loading to a three-dimensional
propeller geometry and associated spanwise loads. The process is organised in three blocks (Fig-
ure 6.1):

1. preprocessing of the actuator-disk pressure jump and its translation into a target annular thrust
distribution;

2. spanwise inverse design using a drag-aware BEM formulation;

3. three-dimensional blade construction and basic performance evaluation.

The inputs are chosen to be consistent with the actuator-disk boundary-layer-ingestion (BLI) analy-
sis. They include the operating condition (density, freestream speed, rotational speed and number of
blades), an axial inflow profile U;,(r) at the disk plane, and two-dimensional airfoil polars generated
with XFOIL. The multiple disk actuator-disk model supplies a table of radii and pressure jumps [r;, Ap;],
which is interpolated and filtered to obtain a smooth radial pressure jump distribution Ap(r). From this
distribution the annular thrust d7'/dr = 27rAp(r) is computed. This is the target spanwise thrust that
the blade must reproduce.

In the spanwise inverse design, the blade is discretised into radial stations. At each radius r, the
local inflow U;, (r), the tangential speed 2r and the assigned airfoil polar define the local aerodynamic
environment. For each station, a BEM-based inner loop iterates on induction factors and chord such
that the net aerodynamic thrust per unit radius matches the target d7'/dr implied by Ap(r). This yields
distributions of chord, twist, induction factors and load along the span.

41
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Set inputs: rho, Vinf, RPM/Omega, B,
R_tip,
inflow model, airfoil polars
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Figure 6.1: Flow of the inverse blade-design methodology.

In the final block, the spanwise geometry is converted into a 3D blade by scaling and rotating airfoil
sections at each radius, and then replicating the blade B times by azimuthal rotation to form the pro-
peller. The spanwise thrust and drag distributions are integrated to obtain total thrust, propeller drag
and a simple propulsive efficiency. Diagnostic plots of Ap(r), thrust split, chord and twist distributions,
spanwise loads and the 3D geometry are generated. The workflow supports iterative changes to Ap(r),
inflow and airfoil selection to study how actuator-disk loadings and BLI conditions translate into blade
shapes and performance.

6.2. Inputs from the actuator-disk BLI model
The inverse blade-design model is coupled to the BLI actuator-disk analysis through the radial pressure
jump distribution across the disk. All other inputs are specified locally in the blade-design framework.

From the actuator-disk model, a table of radii and pressure jumps [r;, Ap;] is obtained. Each entry
represents the mean pressure rise produced by one of the disks in the multiple-disk representation up
to its outer radius. In the inverse design this table is interpreted as the desired radial pressure jump
distribution at the design condition.
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Inside the blade-design code, [r;, Ap;] is interpolated onto a fine radial grid from a root radius to the
tip radius Ryp. Linear interpolation yields a continuous curve Ap(r). A mild Gaussian-type filter in
radius removes sharp changes between adjacent grid points, while preserving the overall shape of the
actuator-disk design (e.g. an approximately elliptical profile and the prescribed split between inner and
outer loading).

The corresponding annular thrust distribution is

dr

5(7“) = 27tr Ap(r),

which is the net axial force per unit radius that all blades together must generate at radius r. This
distribution is taken as the target for the inverse BEM solution.

All remaining inputs are defined within the blade-design framework: density p, design freestream ve-
locity V., rotational speed €2 (or RPM), number of blades B, root and tip radii, target Reynolds number
for the airfoil polars and the choice of airfoil families along the span. The axial inflow profile Ui, (r) at
the disk plane is also specified analytically: reduced axial velocity is prescribed in an inner “boundary-
layer” region and a constant value equal to V,, outside. This profile mimics a BLI inflow but is not taken
directly from the coupled boundary-layer and wake simulation.

In summary, the inverse blade design receives Ap(r) from the BLI actuator-disk model and uses it to
fix the radial thrust loading at the design condition. Other parameters (rotation, inflow idealisation and
airfoil choice) are set independently to explore different design combinations.

6.3. Spanwise inverse design
The spanwise inverse design maps the prescribed Ap(r) and Ui, (r) to chord and twist distributions
along the blade using a drag-aware blade-element—-momentum (BEM) formulation.

The blade span from root to tip is divided into radial stations. At each station the inflow Uy, (r), rotational
speed Qr and airfoil type are known. The target net thrust per unit radius is

<dT> = 2mr Ap(r),
dr target

interpreted as the sum of axial forces from all blades in a thin annulus at radius r.

For a given station, the blade element sees local velocities
Vax = Uin(r) (1 — a) , Vian = Qr (1 +4d'),

with axial and tangential induction factors a and a’. The relative speed and inflow angle are

Vax
Viel = m, ¢ = arctan(v ) .

tan

For the chosen airfoil, the lift and drag coefficients C'r, and Cp at the design angle of attack are taken
from the polars. The normal and tangential coefficients relative to the disk plane are

C,, = Cp cos ¢ — Cpsin ¢, Cy =Cpsing + Cp cos ¢.

The annular thrust from all blades is

dT) 1,
— =B 5pViac(r) Cn,
( dT aero 2



6.4. Three-dimensional blade geometry and performance 44

with unknown chord ¢(r).

The inverse problem at each radius is to find a, o’ and ¢(r) such that (dT'/dr)aero = (dT'/d7)target- This
is solved by a two-level iteration. For a given required thrust (dT'/dr)req, @n inner loop solves the BEM
equations for a, a’ and ¢(r); an outer loop adjusts (dT'/dr)eq until the resulting aerodynamic thrust
matches the actuator-disk target.

In the inner loop, an initial guess for a and o’ is used to compute V.., Vian, Vier @and ¢, and hence C,,
and C;. The chord required to produce the prescribed (d7'/dr)req is

(dT/dr)req

With this chord, the torque and induced velocities are evaluated and « and «’ are updated from the
momentum relations for axial and tangential induction (including a high-thrust correction and relaxation
for convergence). The process is repeated until changes in a and a’ between iterations are small.

After inner-loop convergence, the aerodynamic thrust (d7'/dr)aero is compared to (dT'/dr)iarget. If the
mismatch exceeds a tolerance, (d7'/dr)req is adjusted and the inner loop is repeated. When the blade
element thrust agrees with the target, the chord, inflow angle, induction factors and local thrust and
drag are stored. The local blade pitch angle is 3(r) = ¢(7) + adesign-

Repeating this procedure over all radial stations yields spanwise distributions of chord ¢(r), twist 5(r),
induction factors a(r), a/(r) and loads. These form the input for the 3D geometry reconstruction and
performance evaluation.

6.4. Three-dimensional blade geometry and performance

The 3D blade is constructed by placing airfoil sections along the span based on the spanwise inverse-
design results. For each radial station, the selected airfoil coordinates are scaled to the local chord
¢(r), rotated by the local twist () and translated to the radius r. Lofting these sections gives a single
blade. Replicating this blade B times by rotation about the axis produces the complete propeller. The
code exports this geometry and a propeller definition file for use in external tools such as JavaFoil or
JavaProp.

At each radial station the model evaluates a net thrust per unit span Tyet(r) and a corresponding pro-
peller drag contribution Dyrp(r). The thrust includes drag effects via the normal force coefficient C,,;
the drag represents the axial component of profile drag. Integrating these distributions gives the total
thrust and total propeller drag:

Rtip Rtip
CZ—‘tO‘t = / Tnet(r) dry Dprop - Dprop(r) dr.

Troot Troot

A simple propulsive efficiency is defined as

which indicates what fraction of the axial force is available as useful thrust versus being lost as self-
induced drag.

The model also generates diagnostic plots: Ap(r) and the thrust split between inner and outer regions,
chord and twist distributions, spanwise thrust and drag, and 3D views of the blade and propeller. These
outputs link disk-level choices such as the shape of Ap(r) to blade-level quantities and basic perfor-
mance indicators.
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6.5. Limitations of the framework
The inverse blade-design framework is intended as a bridge between the actuator-disk BLI analysis
and practical propeller geometries. It relies on several simplifying assumptions:

* Aerodynamic model. The method uses steady blade-element-momentum theory at a single
operating point. It includes profile drag and a high-thrust correction, but does not model unsteady
effects, detailed 3D flow or tip-vortex dynamics. The inflow is axisymmetric and each radial station
is solved independently.

* Inflow profile. The inflow at the disk is represented by an analytical boundary-layer-like profile
with a sharp transition between ingested and outer regions. It reflects the presence of a low-
momentum inner region but does not reproduce the detailed velocity and turbulence structure of
the full BLI inflow.

Airfoil data. Airfoil characteristics are taken from 2D viscous polars at a single Reynolds nhumber
and fixed design angle of attack. Variations in Reynolds number along the span, off-design angles
and 3D corrections are not included, and the spanwise airfoil distribution is prescribed rather than
optimised.

Operating-point coverage. The inverse design is carried out for one design condition. The
blade reproduces the desired loading at that condition; behaviour at other advance ratios or flight
points is not assessed.

* One-way coupling. The coupling between actuator-disk model and inverse design is one-way.
The actuator-disk solution defines Ap(r) and the inflow idealisation; the blade is then designed to
match this radial thrust. The resulting blade is not fed back into the actuator-disk and boundary-
layer model, so consistency is enforced at the level of annular thrust only, not via a fully coupled
flow solution.

Within these limits, the framework provides a systematic way to translate actuator-disk pressure jump
distributions, obtained for different BLI scenarios, into propeller geometries and spanwise loading pat-
terns. This enables the actuator-disk and wake-analysis trends to be interpreted in terms of concrete
blade shapes and prepares the ground for future extensions with higher-fidelity aerodynamics and
structural or manufacturability constraints.



Blade Design Results

This chapter presents the results from the inverse blade design methodology that has been described
in chapter 6. First, the different prescribed pressure jumps are given in section 7.1 and following that
all the results are shown.

7.1. Prescribed pressure-jump distributions

The inverse blade designs in this chapter are generated from prescribed radial pressure-jump distribu-
tions, Ap(r), which define the actuator-disk loading. The cases are compared at the same actuator-disk
radius and imposed thrust level, so that differences in the resulting blade geometry can be attributed to
the shape of Ap(r). In all cases, the total thrust is prescribed by the coupled actuator-disk model and
kept constant. Each Ap(r) profile is scaled to satisfy the same disk-integrated thrust, so only the radial
redistribution of loading differs between cases.
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Figure 7.1: Prescribed constant pressure-jump distribution.
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Figure 7.2: Prescribed Elliptical Pressure Jump.
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Figure 7.3: Prescribed four stepped pressure-jump distribution. The loading is biased towards the inboard radii corresponding
to the boundary-layer region, so that a larger fraction of the total thrust is generated where the inflow deficit is strongest.

7.2. Constant Pressure Jump

This section presents blades designed for a radially uniform pressure jump and compares the effect of
the inflow profile. By keeping the pressure jump fixed and only changing from a uniform to a boundary
layer inflow, the sensitivity of the blade geometry to the ingested velocity deficit can be isolated.

Constant pressure jump with uniform inflow

The constant pressure jump design under uniform inflow produces a smoothly decreasing chord, with
the highest chord concentrated near the root and a gradual taper towards the tip. The twist distribution
is fixed for all designs and decreases almost linearly from about 90° at the root to 40° at the tip, so the
local loading variation is carried primarily by the chord. This behaviour is visible in Figure 7.4, where
the chord and twist distribution in Figure 7.4a translates into a relatively slender planform with most of
the area located inboard, as shown in Figure 7.4b.



7.2. Constant Pressure Jump

48

Constant pressure jump Uniform inflow

Twist [deg]

025 7‘<\— arad6 chord / L_b —==- Twist [°] [ 90
0.20 A I 80
2 0.154 S~ +70
JI \~N\
S 0.10 4 ~~o F 60
= ~~
O Se~el
0054 e | 50
o004 L T e I 40
0.0 0.2 0.4 0.6 0.8 1.0
Normalised radius r/R [-]
(a) Chord and twist distribution.
Propeller Blade Planform (2D) - Constant pressure jump, Uniform inflow
T Planform
0.15 1 —— Leading edge
T —— Trailing edge
2 0.10 A ---- Quarter-chord
-
5 0.054
o
<
© 0.00
—0.05 4

0.0

Normalised radius r/R [-]

(b) Two dimensional planform

0.2 0.4 0.6 0.8 1.0

Figure 7.4: Constant pressure jump blade design under uniform inflow: (a) chord and twist distribution, (b) corresponding

two-dimensional planform.

Constant pressure jump with boundary layer inflow
When the same constant pressure jump is imposed in boundary layer inflow, the inner blade sections
require more area to compensate for the reduced axial velocity. This leads to a noticeably higher
inboard chord compared to the uniform inflow case, while the outer part of the blade converges to a
similar chord level and retains the same monotonic twist schedule. Figure 7.5 illustrates this inboard
thickening in the chord and twist distribution in Figure 7.5a, which manifests as a fuller root region in the
planform in Figure 7.5b, concentrating blade area where the ingested flow has the lowest momentum.
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Figure 7.5: Constant pressure jump blade design under boundary layer inflow: (a) chord and twist distribution, (b)
corresponding two dimensional planform.

7.3. Pressure jump produced by four actuator disks

Here, the pressure jump is distributed in four discrete radial bands to emulate a more tailored load-
ing while remaining compatible with the multi actuator disk model. Comparing uniform and boundary
layer inflow again highlights how the same stepped loading leads to different geometric adaptations
depending on the local inflow conditions.

Four-step pressure jump with uniform inflow

For the four-step pressure jump design in uniform inflow, the chord distribution shows clear changes in
slope at the radii where the prescribed loading changes. Chord levels are increased in the more heavily
loaded radial bands but still taper smoothly towards the tip, while the twist distribution remains identical
to the constant pressure jump case. These stepwise changes are evident in Figure 7.6: the chord and
twist plot in Figure 7.6a directly maps onto subtle variations in local blade width in the planform shown
in Figure 7.6b.
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Figure 7.6: Four step pressure jump blade design under uniform inflow: (a) chord and twist distribution, (b) corresponding two
dimensional planform.

Four-step pressure jump with boundary layer inflow

In boundary layer inflow, the four step pressure jump blade combines an inboard chord build up with
increased chord where the local pressure jump is higher. Blade area is therefore concentrated both near
the root and in the higher loaded radial segments, while the underlying twist schedule is unchanged.
As shown in Figure 7.7, the chord and twist distribution in Figure 7.7a results in a visibly broader inner
blade and pronounced chord variations in the planform of Figure 7.7b.
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Figure 7.7: Four step pressure jump blade design under boundary layer inflow: (a) chord and twist distribution, (b)
corresponding two dimensional planform.

7.4. Elliptical Distribution

The final set of designs targets an approximately elliptical radial loading, which is closer to the theoretical
optimum for minimizing induced losses. Within this family, the impact of ingesting a boundary layer is
assessed by comparing the geometry obtained for uniform versus boundary layer inflow while keeping
the underlying pressure jump shape consistent.

Elliptical distribution with uniform inflow

For the elliptical pressure jump design in uniform inflow, the chord distribution is more strongly weighted
towards mid span compared to the constant pressure jump blade. The chord tapers smoothly from
root to tip while the twist again decreases almost linearly, yielding a radial loading that more closely
approaches the ideal elliptical distribution. Figure 7.8 shows how this manifests as a relatively broad
mid span region in the chord and twist distribution in Figure 7.8a and a more pronounced taper towards
the tip in the planform in Figure 7.8b.
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Figure 7.8: Elliptical pressure jump blade design under uniform inflow: (a) chord and twist distribution, (b) corresponding two
dimensional planform.

Elliptical distribution with boundary layer inflow

With boundary layer inflow, the elliptical pressure jump design develops a significantly larger chord in
the inboard region, where both the prescribed loading and the inflow deficit are highest. The blade
area is therefore concentrated where it can most effectively recover the low momentum boundary layer
flow, while the twist still decreases monotonically towards the tip. This effect is visible in Figure 7.9:
the chord and twist distribution in Figure 7.9a shows a strong inboard thickening, which translates into
a noticeably fuller root region in the planform in Figure 7.9b, clearly distinguishing it from the uniform
inflow elliptical blade.



7.4. Elliptical Distribution
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Figure 7.9: Elliptical pressure jump blade design under boundary layer inflow: (a) chord and twist distribution, (b)
corresponding two dimensional planform.



Validation

To validate the inverse blade design methodology, the resulting blade geometry is compared to the
boundary-layer-ingesting propeller designed by Barara et al. [5] for the APPU project. As the two de-
signs correspond to different missions and design objectives, the comparison is qualitative and focuses
on geometric trends rather than performance metrics.

Figure 8.1 shows an overlay of the two blade planforms in a common coordinate system. Both blades
exhibit an increase in chord within the boundary-layer region and a gradual reduction in chord towards
the tip. In addition, the radial extent of the blades is similar, indicating comparable overall blade lengths
despite the differing design requirements.

2D Planform Comparison: Validation Geometry vs Inverse Design

Validation Geoemtry
Inverse design

0124

Radius direction [m]

0.06 4

-0.10 ~0.05 0.00 005 010
Chord direction [m]

Figure 8.1: Overlay of the present blade planform and a reference blade designed for boundary-layer ingestion [5] in a
common coordinate system.

The most pronounced difference is observed near the hub. The blade designed by Barara et al. features
a larger hub radius and an approximately constant chord in the inboard region, which results from
structural and manufacturing constraints imposed in that design. In contrast, the blade generated using
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the present inverse design method is based solely on aerodynamic considerations. As no structural
constraints are imposed, the root chord is allowed to decrease further.

A quantitative comparison of the chord distributions is shown in Figure 8.2. The blade designed in
this thesis exhibits consistently smaller chord lengths than the reference blade. This difference may
be attributed to the iterative coupling between the actuator-disk model and the upstream flow field
used in the present approach, which explicitly accounts for the modification of the inflow caused by the
propulsor itself.

Chord Distribution Comparison
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Figure 8.2: Comparison of the chord distribution of the present blade and the reference blade [5].

Figure 8.3 shows the comparison of the thickness distribution along the span of the blade. This does
show quite a bit of difference compares to the reference design, but it should be kept in mind that the
mission that both of these designed for are completely different.

Blade Thickness Distribution Comparison
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Figure 8.3: Comparison of the thickness distribution of the present blade and the reference blade [5].

Overall, the agreement in chord build-up within the boundary layer and the similarity in overall blade
length indicate that the present inverse design method produces a realistic blade geometry for boundary-
layer-ingesting propellers.



Conclusion

This thesis investigated the influence of radial pressure-jump distribution on the aerodynamic perfor-
mance of a boundary layer ingestion propulsor. A coupled actuator-disk and boundary-layer framework
was used to analyse slipstream mixing losses, power-flux behaviour, and the implications for propeller
blade design. The main conclusions are summarised below.

» Approximation of elliptical loading. Increasing the number of actuator disks results in a stepped
pressure-jump distribution that more closely approximates an elliptical distribution. This provides
a practical way to represent non-uniform radial loading within the actuator-disk framework while
retaining control over the thrust distribution.

* Reduction of slipstream mixing losses. The mixing-loss analysis shows that slipstream mixing
losses decrease as the pressure-jump distribution becomes more elliptical. Uniform pressure-
jump distributions generate strong radial velocity gradients in the slipstream, which persist down-
stream and lead to increased irreversible losses. As the loading is redistributed toward an elliptical
shape, these gradients are reduced.

» Downstream—upstream power-flux behaviour. The downstream-minus-upstream power flux
decreases as the number of actuator disks is increased. This indicates that a larger fraction of the
propulsor work is extracted from the low-momentum flow inside the boundary layer rather than
from the freestream.

Downstream—freestream power-flux behaviour. The downstream-minus-freestream power
flux decreases as the thrust distribution is shifted toward the centre of the disk. This shows that
the downstream flow approaches the undisturbed freestream condition more closely, reducing
excess kinetic energy in the slipstream and associated losses.

Preferred actuator-disk configuration. Based on the combined mixing-loss and power-flux
results, a four-disk actuator model with thrust concentrated in the boundary layer provides the
most favourable configuration among those studied.

Implications for blade design. Using the selected actuator-disk configuration, a propeller blade
was designed. The resulting blade geometry reflects the non-uniform inflow and loading asso-
ciated with boundary layer ingestion and shows strong qualitative similarity to an existing blade
designed for this purpose, while differing clearly from blades intended for undisturbed, uniform
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inflow.

In conclusion, this work demonstrates that shaping the radial pressure-jump distribution is a key mecha-
nism for reducing aerodynamic losses in boundary layer ingestion propulsors. The coupled analysis and
inverse blade design approach developed in this thesis provides a consistent and physically grounded
basis for future design and optimisation studies, which are discussed in the following chapter.



Recommendations and Future Work

The results presented in this thesis demonstrate that redistributing the actuator-disk loading can influ-
ence slipstream structure and the associated losses in a boundary-layer-ingesting configuration. While
the developed coupled framework enables rapid comparison of loading strategies and inverse blade
design, several extensions are recommended to improve physical fidelity, increase confidence in the
predicted trends, and broaden applicability to realistic propulsor designs.

+ Validate the loss trends. Compare the power-flux / mixing-loss metrics against higher-fidelity
simulations (RANS/URANS) and/or available wind-tunnel data to confirm that the ranking of load-
ing distributions remains consistent.

* Increase actuator-disk fidelity. Extend the actuator-disk model to include swirl/torque and (if
required) tip-loss and profile-loss corrections, so that shaft power and wake structure are repre-
sented more realistically.

* Improve wake recovery modelling. Replace purely numerical smoothing with a simple physics-
based wake growth/mixing model (e.g. a diffusion-inspired wake spreading formulation) to reduce
sensitivity to discretisation and control-point placement.

» Optimise Ap(r) continuously. Formulate a constrained optimisation problem where Ap(r) is
parameterised (e.g. splines) and chosen to minimise a loss objective at fixed thrust, with bounds
on peak loading and smoothness/manufacturability constraints.

» Constrain inverse blade design. Enforce airfoil polar limits (stall margin), minimum thickness/s-
par volume, and chord/twist smoothness so the designed blades remain feasible.
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