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Abstract

Aviation is an important connecting factor for humankind. Its presence has increased social and
economic opportunities but also comes with its drawbacks. In light of the global climate crisis that
humanity is facing, current trends in aviation are alarming, mainly because the number of flights
worldwide is increasing rapidly. Since the aviation industry is a large producer of CO2, NOx and
noise, it contributes significantly to this climate crisis. The impact of aviation on the environment
thus has to be reduced.
Because of the discussed crisis, research on sustainable aviation has received an impulse. One of
the topics of interest in the search for sustainable aviation alternatives is boundary layer ingestion.
Boundary layer ingestion proves to be a promising technology because it reduces the power require-
ment of the propulsor and, therefore, can reduce fuel consumption and the generation of emissions
that pollute the air.

This research focuses explicitly on boundary layer ingestion in an aft fuselage installed propulsor. It
aims to investigate the interaction between the fan and a propulsive fuselage concept. A combina-
tion of experimental and numerical work is used to achieve this. The experimental work focuses on
the effect of fan installation in a propulsive fuselage concept. Parameters of interest are the flow co-
efficient, blade loading and incidence angle distribution. The numerical effort focuses on the effect
of the fan on the propulsive fuselage concept. The boundary layer profile behaviour and the axial
variation in power balance terms are utilised to investigate this.

In the experimental part of this thesis, an uninstalled fan test rig has been built to measure the
uninstalled fan performance. This same fan has been used in previous experimental research on a
propulsive fuselage concept [17]. The results show that the flow coefficient of the fan installed in the
propulsive fuselage concept drops by 27.66% when compared with the uninstalled fan. The drop in
flow coefficient causes the fan to shift to a less efficient point on the characteristic map. The mass
averaged blade loading at φ= 0.5 is reduced by 2.2%. Comparing installed and uninstalled fan data
shows that the incoming boundary layer positively influences the fan’s hub region. The increase
in blade loading (4.8%) results from a rise in blade incidence angle due to the incoming boundary
layer, which increases the lift of the inboard blade section.

In the numerical work, simulations are used to investigate the effect of the fan on the propulsive
fuselage performance. The uninstalled fan data retrieved from the fan test rig has been utilised as
an input for the actuator volume implemented in the CFD model. The results of the CFD model
were compared with experimental data available from a previous related study, with a fan sub-
jected to losses due to the incoming boundary layer [17]. Comparison of CFD and experimental
data shows that the fan operation significantly impacts the inlet profile of the boundary layer en-
tering the fan, increasing the total pressure by 11.7%. The fan operating under the influence of the
incoming boundary layer deals with a 10.9% reduction in momentum addition to the flow. Power
balance analysis has shown that the numerical increase in axial momentum flux is very high 332%
because the experimental reference operates without momentum excess. Sequentially, other power
balance deltas are high as well. The power balance analysis revealed that the increase in thrust
(10.2%) comes with a disproportionate increase in axial kinetic energy deposition rate (16%). Be-
cause the numerical model does not include swirl and creates a momentum excess, the total me-

xvii



xviii 0. Abstract

chanical power output in the flow was increased by 57% while reducing the kinetic energy deposi-
tion rate by 27%.

To summarise, this research has investigated the interaction between the fan and a propulsive fuse-
lage concept. The effect of installation on the fan was small in terms of blade loading. In the hub
region, a rise in blade loading has been identified. The numerical study on the effect of the fan
on the propulsive fuselage performance has shown that the fan operation influences the boundary
layer and propulsive jet. Upstream influences have to be taken into account while optimising the
fan. Furthermore, the jet wake should be monitored closely to reduce kinetic energy deposition
caused by the momentum excess.



1
Introduction

Aviation has been connecting humankind ever since the Wright flyer first took flight. Since com-
mercial aviation was regulated in the Air Commerce Act of 1926, it has been a growing business that
is not slowing down.
In its short existence, aviation has managed to contribute to roughly 2% of the total CO2 production
worldwide, with numbers still rising. During the 1980s oil crisis, the aviation industry has tried to
reduce its dependency on fossil fuels because of the extremely high oil prices. These efforts, how-
ever, evaporated when the crisis was resolved and oil was back at its regular pricing.
In the last few decades, it has become apparent that a new crisis has impacted the aviation industry,
the climate crisis. Because of the large amounts of fossil fuels humanity has been using, the air has
become polluted, and, globally, the climate has begun to change. At the time of writing, Turkey and
Greece are pestered with wildfires destroying ecosystems, massive heatwaves have struck Canada,
and disastrous floods occurred in The Netherlands, Belgium, and Germany. Governments have tried
to make agreements to stop global warming at 2 degrees Celsius, which is very ambitious.
In order to reduce the impact of aviation on this climate crisis, challenging goals have been set in the
ACARE 2050 and Flightpath 2050 programmes [1, 16]. To achieve these goals CO2 emissions need to
be reduced by 75% in 2050, NOx emissions need to be cut by 90% and noise by 65% with respect to
the levels of typical new aircraft in the year 2000. Research is conducted on many methods to reduce
or change aircraft fuel consumption, such as electric flight, next-generation aircraft configurations,
and bio- or synthetic fuels. In this thesis, however, the focus will lie on implementing boundary
layer ingestion in a propulsive fuselage concept configuration called CENTERLINE.
CENTERLINE is a turbo-electric distributed propulsion concept built upon a regular wing and tube
aircraft structure. The design features two main turbofan engines mounted on the wings and a
turbo-electric propulsor in the back of the aircraft. The CENTERLINE concept uses aft-fuselage in-
tegrated boundary layer ingestion propulsion, also known as the propulsive fuselage concept.
The use of boundary layer ingestion can positively affect the reduction of the fuel consumption of
an aircraft. In essence, it reduces the power requirement of the aircraft, which in its turn reduces
the amount of fuel needed and thus pollution created.

1.1. Previous Research on Boundary Layer Ingestion
The concept of boundary layer ingestion has been around for quite some time. It was A.M.O. Smith
who in 1947 had the notion that the implementation of boundary layer ingestion or utilizing the
boundary layer air can reduce fuel burn for aircraft [50]. These findings are derived from maritime
technology where the wake of the hull is utilized to increase efficiency [51]. In the last decades,
investigations have been ongoing in this field of research, but it is only in the past few years that
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boundary layer ingestion is again seen as a reasonable and feasible solution for making flights more
efficient.

In 2009, M. Drela introduced a new way of bookkeeping for boundary layer ingestion applications
[38]. In the power balance method, the equations are energy-based instead of momentum-based.
The latter means that the effect of the low momentum flow entering the propulsor can be consid-
ered. The power balance method is widely accepted in the field of boundary layer ingestion and has
been cited in many works [11, 25, 27, 37, 43].
Another way of bookkeeping is called the exergy analysis method for boundary layer ingestion and
was first introduced by Arntz et al. [9]. The big difference between the power balance method and
the exergy analysis method is that the exergy analysis method takes into account the thermal man-
agement of the aircraft [9].

Boundary layer ingestion has been a topic of many research projects in the past couple of years.
A wide variety of novel aircraft concepts have been investigated, combining various methods of
boundary layer ingestion. The two main categories are partial and fully engulfed boundary layer
ingestion.
The blended wing body concepts mostly use partial boundary layer ingestion, where the propulsor
is sunken into the airframe, as shown in figure 1.1. Examples of blended wing body concepts with
boundary layer ingestion are the Boeing BWB-450, Boeing N2A-ext, and the N3-X [20, 26, 35]. The
expected fuel burn reduction for these concepts ranges from 3-8 %.
Another aircraft concept that uses partial boundary layer ingestion is the NASA D-8. This aircraft
has aft-mounted propulsors, as shown in figure 1.2. The flight mission of this concept is the same
as that of an A320 [57].The NOVA concept is an unconventional concept introduced by Onera [32].
Here, the partial boundary layer ingesting propulsors are mounted on the side of the fuselage, as
depicted in figure 1.3.
Two projects in the axisymmetric fuselage category are CENTERLINE and STARC-ABL. In the CEN-
TERLINE project, depicted in figure 1.4, a proof of concept is provided for the axisymmetric fuselage
with boundary layer ingestion concept [48]. The goal of the CENTERLINE project was to maximize
the benefit of the aft fuselage wake filling. The latter has been achieved by installing two wing-
mounted geared turbofan engines, which provide the residual thrust needed in the mission. The aft
turbo-electric fan will provide the wake filling power. According to Seitz et al.[49] this concept can
potentially reach a fuel burn reduction of 3.2-4.7%.
A similar project researching the propulsive fuselage concept is the STARC-ABL, shown in figure
1.5. The main goal of this concept was to investigate if turbo-electric propulsion, such as shown in
next-gen aircraft designs, can also be used on conventional single-aisle aircraft and whether ben-
efit could be drawn from such a configuration in terms of fuel burn reduction [60]. According to
Welstead et al., this concept can achieve a fuel burn reduction of 9% when in an economic mission
and 15.2% when flying the design mission in combination with a 3.8% reduction in MTOW, which
can lead to structural benefits [61]. In the investigation of Yildirim et al. on the optimisation of the
STARC-ABL design, it is stated that these numbers are only feasible for cruise flight [64].

Aside from the system based research introduced above, work is available on many detailed aspects
of boundary layer ingestion. For example, the investigation of Lv uses the power balance method of
Drela to investigate the power conversion of boundary layer ingestion concepts, both numerically
and experimentally [36]. A second example is the work of Della Corte et al. that has contributed to
the knowledge of boundary layer ingestion testing in a fully integrated model [15, 17].
More research on the detailed analysis of boundary layer ingestion is included in the research moti-
vation in the next section. In section 1.2, the specific contributions to numerical and experimental
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research are presented, along with the grey areas in boundary layer ingestion research.

Figure 1.1: Graphical representation
of the Boeing BWB concept [20].

Figure 1.2: Graphical representation
of the NASA D8 transport concept [57].

Figure 1.3: Graphical representation of
Onera’s NOVA concept [32].

Figure 1.4: Graphical representation
of the Centerline concept [19].

Figure 1.5: Graphical representation of
NASA’s STARC-ABL concept [61].

1.2. Research Motivation & Objective
State-of-the-art research on the topic of boundary layer ingestion has shown that this concept has
the potential to reduce the fuel burn of aircraft by 3.2% to 4.7% in an axisymmetric configuration
[49].
As shown in the previous section, much research has focused on the system-level implementation
of boundary layer ingestion and its benefits [48, 60, 61]. The system-level research has created an
understanding of the potential gains that boundary layer ingestion can produce. Since the depicted
gains are considerable, boundary layer ingestion has to be studied in greater detail to quantify prof-
its and understand which mechanisms play a role in achieving said benefit.

Many works have focused on the numerical study of boundary layer ingestion concepts. For exam-
ple, the works of Baskaran and Chaves have studied the application of the power balance method of
Drela and exergy analysis by Arntz et al. [8] on propulsive fuselage concepts numerically [11, 14].
Other numerical work focused on the improvement of the propulsive efficiency and the optimisa-
tion of fuselage shape while dealing with a constant pressure jump [13].
Numerical studies focusing on the aerodynamic flow field have been limited mainly to the non-
axisymmetric cases, as shown in the works of Geiselhart et al. and Giuliani & Chen [20, 21].
Numerical work completed on a propulsive fuselage concept flow field mainly focuses on the min-
imisation of inlet distortion, as shown in Kenway [30]. Specific research on the fan tip leakage in
boundary layer ingestion applications is performed by Yang et al. [63].
The knowledge gained from the numerical works presented is of great value; however, it has rarely
been validated with experimental work. Moreover, most of the works presented assume a perfect
axisymmetric inflow or strive to reduce inflow distortion. It is thus vital to understand if the as-
sumption of axisymmetry holds for aft propulsive boundary layer ingestion research and what the
effect of non-uniform inflow is on the fan performance.

In the field of experimental research on boundary layer ingestion, limited exploration has been car-
ried out. Large demonstrators like the D8 double bubble or BWB-450 have been tested to proof the
overall feasibility of boundary layer ingestion [34, 57]. Others, like Atinault et al., focused on the
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effect of wake ingestion in both experimental and numerical setups [10]. Wake ingestion is a sim-
plified form of boundary layer ingestion where no potential flow interaction occurs.
These examples, however, do not dig into the understanding of the aerodynamic flow field. The
work of Gunn and Hall does map the aerodynamic flow field of a boundary layer ingesting fan. The
incoming disturbance is, nevertheless, non-axisymmetrical [24]. A study performed by Pardo has
shown the building of a fan test rig to perform blade optimisation on a boundary layer ingestion fan
[41]. This work, however, does not give any in-depth information on the interaction between the
boundary layer and the fan. The previous is the case because the boundary layer is imposed on the
fan by an upstream mesh instead of a curved body like a fuselage.
The most recent addition to the experimental work on axisymmetric boundary layer ingestion is
that of Della Corte et al. [17]. This work focuses on the interaction between the fuselage boundary
layer and the boundary layer ingesting fan by the use of an experimental demonstrator.
To summarise, little research has been conducted on the axisymmetric fuselage configuration with
boundary layer ingestion in the experimental field. At the moment of writing, no work has been
published comparing the fan performance of an uninstalled fan with one installed in a boundary
layer ingestion configuration. To better understand the aerodynamic behaviour of the boundary
layer and the fan, it is essential to investigate the case mentioned above.

As shown in the previous overview, much effort has been put into analysing boundary layer inges-
tion from a system-based approach. The overview of knowledge gained in previous research shows
a gap in the understanding as to how the boundary layer ingestion fan performs in a fully integrated
boundary layer ingestion setup with respect to its uninstalled performance.

This work aims to bring more clarity to the grey areas discussed. In this research, isolated fan per-
formance data will be mapped with the help of an uninstalled fan test rig. The uninstalled data
will be compared with the available performance data of the fan in an installed configuration. This
comparison demonstrates the aerodynamic effect of installation in a propulsive fuselage concept
on the fan.
Moreover, this work proposes a method to combine experimental and numerical data for building a
CFD model of a propulsive fuselage concept body. The numerical work is compared with available
experimental data to show how the fan operation affects the flow surrounding the propulsive fuse-
lage. To the author’s knowledge, this combination of experimental and numerical inputs has not
been attempted before in a boundary layer ingestion setting.
The available experimental data is collected from low-speed wind tunnel testing. The data from
the fan test rig is also obtained at a lab scale. Consequently, the Reynolds and Mach numbers do
not match the full-flight conditions. Therefore, this research has focused on the qualitative results
that explain the physical mechanisms involved in fan and fuselage flow interactions for a propulsive
fuselage concept.

Concluding, there is little knowledge available on the effect of boundary layer ingestion on an aft
installed propulsive fuselage concept propulsor. This research aims to expand on the knowledge
available in the field of propulsive fuselage concepts by using both experimental and numerical
methods. The experimental work will consist of an uninstalled fan test rig, and the numerical work
will cover the development of a method to study the effect of the propulsor on the propulsive fuse-
lage performance. The research question of this thesis has thus been formulated as follows:

What effect does the flow interaction between a fan and a propulsive fuselage concept have on
their respective aerodynamic performance?
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The research objective is divided into sub-questions which are investigated throughout this study:

• How does the incoming boundary layer influence the fan’s inflow conditions and its addition
of work to the flow?

• How does the fan operation influence both the boundary layer and propulsive jet of the propul-
sive fuselage concept?

1.3. Thesis Outline
This thesis is divided into seven main chapters, including this introduction.
Chapter 2 will introduce the reader to relevant knowledge concerning boundary layer and boundary
layer ingestion theory and introduces the power balance method.
The experimental part of this thesis will be discussed in chapters 3 and 4. In chapter 3, the fan test
rig will be introduced along with the measuring methodology. Chapter 4 will continue by presenting
the results of the experimental campaign completed with the fan test rig. Results include an anal-
ysis of the aerodynamic fan behaviour, the azimuthal performance variation, effects of installation,
and a section dedicated to the effect of tail wake on the fan. The numerical part of this thesis is pre-
sented in chapters 5 and 6. Chapter 5 introduces the numerical setup, its verification and validation
processes, and the experimental data in the numerical setup. The introduction of the numerical
setup is followed by chapter 6, where the results of the numerical simulations are presented. These
results are divided into the bare fuselage analysis and the propulsive fuselage analysis. This thesis
is concluded by chapter 7. This last chapter will summarise the main observations from this thesis,
draw the main conclusions, and offers recommendations for future work.





2
Theoretical Background

This chapter presents a summary of the theoretical background deemed necessary for boundary
layer ingestion research. The chapter will give a general introduction on how boundary layer inges-
tion works, its benefits and drawbacks. This chapter also provides an overview of the power balance
method, the preferred method for analysing the performance of boundary layer ingestion concepts.
The case-specific theory will be presented in its corresponding chapters when needed.

2.1. Boundary Layer Ingestion Theory
A boundary layer is present around every object placed in a free stream, which ultimately results in
the body experiencing drag. Boundary layer ingestion is a technique where the inlet of the propulsor
or the propulsor itself is placed in the boundary layer of the body [27]. This work uses an axisymmet-
ric inflow case where the entire boundary layer of the body is fed to the propulsor as is demonstrated
in figure 2.1.
It is important to note that a differentiation is made between boundary layer and wake ingestion.
The term boundary layer ingestion describes the ingestion of the actual boundary layer attached to
the body of interest. Whereas wake ingestion investigates the ingestion of the wake behind the body
by the propulsor, here, the distance between the propulsor and the body is large enough to avoid
any potential flow interaction. The differentiation between the two is essential since evaluating the
pressure deficiencies for the two cases differs. However, in literature, it is common to classify wake
ingestion as a simplified form of boundary layer ingestion.

Figure 2.1: Example of the propulsive fuselage concept [60]. Concept illustrated with conventional under the wing propul-
sors and an aft boundary layer ingestion propulsor.
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As stated above, when implementing boundary layer ingestion, the boundary layer present around
a body is fed to the inlet of the propulsor. The boundary layer fluid has a lower momentum than the
free stream. Therefore, fluid ingested by the propulsor will have a lower total pressure than the free
stream, which can potentially reduce the fuel consumption of an aircraft.
One of the reasons why boundary layer ingestion has the potential to make aviation more fuel-
efficient is that the ingestion of the low momentum fluid leads to a reduction of the power require-
ment of the aircraft [25]. If, for example, the presence of the lower momentum fluid leads to a lower
velocity in the propulsive stream tube, less power is required to impart a given momentum [57].
Betz uses equation 2.1 [12] for this situation to show that with a reduction in inlet velocity and a
lower power input, the same thrust can be delivered. Theoretically, less shaft power is thus required
to produce the same thrust when implementing boundary layer ingestion.

P = T V∞
ηp

(2.1)

Another way to explain the benefit of boundary layer ingestion is given in the work of Plas [42]. Usu-
ally, the wake drag generated by the body of the aircraft creates a momentum deficit, as is shown in
figure 2.2 [42]. The conventional propulsor will need to create a momentum excess to balance this
deficit, whereas the boundary layer ingestion case does not.
In equation 2.2 [42] the power required for a propulsor without boundary layer ingestion is shown.
One can see that this relation is a function of the difference in kinetic energy between the exit of the
propulsor and the free stream. The actual power required from the engine in cruise, however, is the
power to counteract the total drag, as is shown in equation 2.3. When the ideal case for 100% bound-
ary layer ingestion is considered, the jet stream momentum can exceed the free stream momentum
when operating in cruise, as is shown in equation 2.4. Implementing this change into equation 2.2
gives equation 2.5, the power requirement for an engine with boundary layer ingestion. Here one
can see that since u j > uw , Pno−BLI > PBLI and thus, the power requirement has been lowered [42].

Pno−BLI = ṁ

2
(u2

j −u2
∞) (2.2)

Puse f ul = ṁ(u j −u∞)u∞ (2.3)

ṁ(u j −uw ) = ṁ(u∞−uw ) (2.4)

PBLI = ṁ

2
(u2

∞−u2
w ) (2.5)

The explanation about the origin of the reduction in power requirement for boundary layer inges-
tion mainly focused on reducing the momentum deficit. Another way of looking at boundary layer
ingestion can be derived from the fact that the power supplied by the engine is a function of the
kinetic energy difference in the flow.
Due to the lower inlet momentum imposed on the face of the propulsor, the kinetic energy differ-
ence required to generate a similar amount of thrust is lower, as is shown in figure 2.3. This figure
was constructed using data from the research of Lv et al. [37]. The figure shows the difference in the
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Figure 2.2: Graphical representation of the boundary layer ingestion effect on the propulsive jet [25].

power requirement as dictated in equation 2.6. Here, one can see that lowering the inlet velocity has
a quadratic effect on the kinetic energy and thus the power requirement.
In equation 2.7 the required thrust power is shown, which scales as a linear product with Vi n , this
makes the boundary layer velocity the dominant term. Thus, when using a lower inlet momentum,
less kinetic energy is needed from the propulsor with respect to a conventional engine configura-
tion because of the reduction of the moment deficit.
The lowering of the inlet velocity of the engine and the outlet or jet velocity ultimately increases the
propulsive efficiency of the engine when assessing the ’Froude Efficiency’ or propulsive efficiency,
shown in equation 2.8. When examining equation 2.8, one can see that the propulsive efficiency is
displaying normal behaviour when the velocity in the free stream is higher than that in the boundary
layer flow at the inlet. However, in an ideal case where perfect wake filling would take place and the
outlet jet flow is equal to the free stream, the efficiency can become unity or even higher than unity,
which is called the ’efficiency paradox’[36]. To be able to assess the performance of boundary layer
ingestion configurations, the power balance method has been developed. A detailed discussion on
this method is present in section 2.2.

K E = ṁ(v2
j − v2

i n) (2.6)

ẆT = ṁ(v j − vi n)vi n (2.7)

ηpr opul si ve =
V∞T

P
(2.8)

Aside from the fact that boundary layer ingestion can lower the power requirement of the aircraft,
some other beneficial effects should be considered, as is shown in the works of Hall et al., Lv and
Plas [[25], [36], [43]].
The first benefit is that the decreased wake energy losses cause the propulsive efficiency, ηpr opul si ve ,
to increase [25]. This wake which is created by the airframe is accounted for in the profile drag.
Since the wake-energy flow rate is reduced [36] due to the re-energising of the wake, the wake mixing
losses are lowered because less kinetic energy is wasted [43]. As shown in equation 2.6 a decreased
jet velocity, due to reduced mixing losses, decreases the kinetic energy and increases the propulsive
efficiency of equation 2.8. Note that this is most beneficial when ideal wake or boundary layer filling
is used [36].
On top of the decrease in wake losses, the jet mixing losses created by the velocity deficiency be-
tween the outlet jet and the free stream are reduced as well [25]. As was shown in figure 2.2 the
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Figure 2.3: Indication of kinetic energy benefit with respect to thrust generation due to boundary layer ingestion.

momentum deficiency and thus the velocity difference at the outlet is reduced, which leads to fewer
stresses between the free stream and the jet. The latter reduces dissipation losses and thus improves
efficiency.
When considering the thrust and drag bookkeeping of the aircraft, propulsors utilising boundary
layer ingestion can have some secondary benefits with respect to conventional aircraft. For exam-
ple, the installation penalty of the engine can be reduced because no pylons have to be present,
which reduces the wetted surface area needed to fit an engine. The propulsion integration can also
help in smoothing the area distribution and thus reduces both clean and interference drag of the
engine installation [25, 36].

Boundary layer ingestion can, despite its propulsive benefits, cause detrimental interaction effects.
One negative effect on the engine and aircraft performance is the distortion of the incoming flow
over the fan face.
In a boundary layer ingestion configuration, there is a risk of developing a stall cell, as stated in the
work of Giuliani and Chen [21]. In order to prevent stalling of the fan blades, measures such as an
adequate blade design or passive and active flow control can be taken into account to avoid the
development of such a cell. When considering an axisymmetric boundary layer design as shown in
figure 2.1 little distortion is seen by the fan because, as stated in Kenway and Kiris, ’the propulsor
sees essentially radially symmetric inflow conditions’ [30]. Nonetheless, downwash from the wings
and the presence of the vertical tail should not be forgotten as sources of possible distortion when
evaluating this design [30].
Keeping track of and reducing the latter distortions for designs incorporating boundary layer inges-
tion is of great importance because the induced vibrations and reduced stall margin can lead the
engine into surge and ultimately flame out and power loss [27].

Another adverse effect of the implementation of boundary layer ingestion can be attributed to
the change in aircraft performance because the propulsor and airframe may interact, resulting in
boundary layer dissipation before the propulsor or even separation [25]. The effects of this can
either be positive or negative, as shown in the work of L.H. Smith [51]. The previous is the case be-



2.2. Power Balance Method 11

cause the power saving is dependent on the disk loading, the shape factor and the wake recovery.
When the shape factor is high, the power saving is high as well; however, the flow, in this case, is near
separation. The shape factor H is the ratio of displacement thickness and momentum thickness, as
shown in equation 2.9 [59]. Here equation 2.10 denotes the displacement thickness describing the
loss of mass flow due to the presence of the boundary layer. Equation 2.11 shows the momentum
thickness, which describes the corresponding loss of momentum [44, 59]. In the equations above,
u is the velocity component within the boundary layer and u∞ is the velocity component of the free
stream.
In terms of the boundary layer itself, there are also changes when utilising boundary layer ingestion.
The viscous drag of the body or fuselage is increased slightly because the flow is accelerated towards
the actuator. The latter increases the velocity gradient of the flow and thus increases stresses [36]. In
addition to this, the fan has an upstream influence on the boundary layer. The upstream influence
causes a variation in the total pressure distribution and thus changes the profile of the boundary
layer [23]. The latter causes an increase in the pressure drag of the body. Figure 2.4 gives a visual
representation of the change in the velocity gradient of the boundary layer.

Figure 2.4: Effect of an actuator disk on the boundary layer. Normal boundary layer on a flat plate (left), boundary layer
with actuator disc on a flat plate (right) [36].

H = δ1

δ2
(2.9)

δ1 =
∫ ∞

0

(
1− u

u∞

)
d z (2.10)

δ2 =
∫ ∞

0

u

u∞

(
1− u

u∞

)
d z (2.11)

2.2. Power Balance Method
The merits of comparison discussed in the previous section can give ambiguous results for an inte-
grated propulsor aircraft configuration because of their inability to distinguish between thrust and
drag parameters properly. The Power Balance Method proposed by Drela [38] however, offers an
outcome because it is based on mechanical power analysis.
The Power Balance Method describes all elements of power which play a role in propulsion and is,
therefore, an adequate analysis tool for the performance of boundary layer ingestion. What distin-
guishes the power balance method from other methods is that it focuses on energy conservation
instead of momentum conservation. The latter reduces the amount of information needed, which
simplifies calculations [46].

The power balance method starts with selecting a proper control volume for analysis, which takes
into account body, propulsor and free stream, as shown in figure 2.5. Note that for the control vol-
ume, two boundaries are shown, namely the inner boundary, SB , positioned at the body [38] that
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covers both the body and propulsor in its domain [11], and the outer boundary, SO , positioned in
the flow field [38] covering the Trefftz plane and the side surface [11].
When considering a control volume for an aft-fuselage propeller configuration, Lv suggests a con-
figuration as shown in figure 2.6 [36]. Here the effects of lift and control surfaces are also taken into
account, which adds lift induced drag, wake drag, and other loss mechanisms to the equation [36].
Drela states that there are two requirements to the control volume, namely, the Trefftz plane is per-
pendicular to V∞ and the side cylinder is parallel to V∞ [38]. The placement of the outer boundaries
of the control volume is arbitrary. It is, however, preferred to have the vortical fluid leave through
the Trefftz plane, and the oblique waves leave through the side cylinder, which should be positioned
at least several wingspans removed from the body.

Figure 2.5: Control volume for power balance
method as proposed by Drela [38].

Figure 2.6: Control volume for boundary layer
ingestion with integrated wings [36]

It is assumed that conservation of mass and momentum holds in the control volume. With this ba-
sis and the use of the Navier stokes momentum equations, the ’mechanical energy equation’ can be
derived, as is shown in equation 2.12 [11, 38]. The terms on the left-hand side of equation 2.12 show
the mechanical power produced by an energy carrier such as batteries or fuel [38]. The terms on
the right side of the equation denote the power consumed. The input and consumption should be
equal, therefore the name power balance.
The term PS is the shaft power, the net total propulsive power covered by the body control volume
surface as shown in equation 2.13 [11, 38]. The term PS covers all propulsive elements within the
system such as a fan, compressor and turbine [11]. The next power term is the ’net pressure-volume
power’, shown in equation 2.14 [38]. It is a ’volumetric power’ that results from fluid expansion with
respect to the atmospheric pressure and is important when the flow is compressible, for instance,
when the body is positioned close to the Trefttz plane in the control volume or if rapid expansion
takes place [11]. The last power term which is given is PK or the ’net propulsor mechanical energy
flow rate into the control volume’, which is given in equation 2.15. This power source accounts for
power sources that are not covered in the inner boundary, such as the conventional under the wing
hanging propulsor from figure 2.5 [11, 38].

PS +PV +PK = ε̇+Φ (2.12)

PS =
Ï

BS

[−(p −p∞)n̂ + τ̄n̂
]−→

V dS (2.13)

PV =
Ñ

CV
(p −p∞)O

−→
V dV (2.14)

PK =
Ï

BS
[(p −p∞)+ 1

2
ρ(V 2 −V 2

∞)]
−→
V n̂dS (2.15)
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The elements on the right-hand side of the equation denote the power consumed, as mentioned
above. As shown in equation 2.16 the ’Mechanical energy flow rate out of the control volume’ or Ė
can be split into multiple elements [38]. The first term W ḣ or −FxV∞ is reversible and shows the
power consumed to gain potential energy, or in other words, to gain altitude [11]. The first irre-
versible term, Ėa shown in equation 2.17, is given to be the ’Wake streamwise kinetic energy depo-
sition rate’ or, in other words, the axial kinetic energy which is discharged through the Trefftz plane
[11, 38]. The next irreversible term is Ėv shown in equation 2.18. This term describes the ’Wake
transverse kinetic energy deposition rate’, which is similar to Ėa but now the kinetic energy flow
through the Trefftz plane due to the normal velocity is considered [11, 38]. ĖP denotes the ’Wake
pressure-defect work rate’, thus the power leaving the control volume through the Trefftz plane as a
result of the pressure defect in the fluid, as is shown in equation 2.19 [11, 38]. The last irreversible
term of Ė is, Ėw which can be described as the ’Wave pressure-work and kinetic energy outflow
rate’, which shows the energy resulting from pressure deficiencies and kinetic energy flows leaving
through the side cylinder plane [38].
With the three equations mentioned, the irreversible power consumption of the aircraft can be cap-
tured; note that all elements should be present in order to gain an understanding of how the system
works [11]. The sum of the three irreversible terms is equal to the product of the inverse drag and
the free stream velocity [38].

ε̇=W ḣ + Ėa + Ėv + Ėp + Ėw

=−FxV∞+ Ėa + Ėv + Ėp + Ėw

(2.16)

Ėa =
Ï

T P

1

2
ρu2(V∞+u)dS (2.17)

Ėv =
Ï

T P

1

2
ρ(v2 +w2)(V∞+u)dS (2.18)

Ėp =
Ï

T P
(p −p∞)udS (2.19)

In equation 2.16 the term for potential energy was mentioned. It is composed of the product of the
net axial force and the free stream velocity. In equation 2.20 the expression for this axial force is
shown. This expression can also be split up into different elements, as shown in 2.21 [38]. Here,
Fv denotes the contribution of profile drag, as is shown in equation 2.22. Fu covers part of the
induced drag, as shown in equation 2.23. Fw , equation 2.24, is the contribution of the wave drag in
supersonic flow [38].

Fx =
Ï

T P
−[(p −p∞)+ρ(u −V∞)u]dS +

Ï
SC

−ρ(u −V∞)vdS (2.20)

Fx = Fv +Fu +Fn (2.21)

Fv =
Ï

T P
−[(p −p∞)+ 1

2
ρ(V 2

∞−V 2)− 1

2
ρu2]dS (2.22)

Fu =
Ï

T P

1

2
ρ(v2 +w2)dS (2.23)

Fw =
Ï

SC
−ρ(u −V∞)vdS (2.24)
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The last term in equation 2.12 which has to be discussed is the ’viscous dissipation rate’, Φ, shown
in equation 2.25. This term describes the amount of kinetic energy converted to heat due to friction
with the body in the laminar or viscous sublayer. As shown in figure 2.7 there are various forms of
dissipation to consider. In cruise flight, the airframe dissipation consists of three terms as shown in
equation 2.26 [46], since wave dissipation will not be taken into account for this study. The losses
from the propulsor should also be taken into account; these losses usually arise from mixing, tip
and other mechanical and turbomachinery losses.

Φ=
Ñ

CV
(τ̄O)

−→
V dV (2.25)

Figure 2.7: Graphical representation of the power balance method [46].

Φai r f r ame =Φvor tex +Φsur f ace +Φw ake (2.26)

Having sorted out the framework of the power balance method, it is important to find out how it
can function as a metric of comparison, but most importantly how it can be used to understand
the efficiency paradox. The latter is done by evaluating the total change in power which the imple-
mentation of boundary layer ingestion has caused, as is shown in equation 2.27 [38]. The change in
power is determined by the sum of change in irreversible consumption and all factors of dissipation.
The potential energy will not make a difference here because aircraft with the same mission profile
will often be compared, so the altitude and cruise speed will not change.

∆P =∑
∆Ė +∑

∆Φ (2.27)

In section 2.1 it was already established that the propulsive efficiency is given by equation 2.8, which
can also be written in the form of equation 2.28. In the work of Baskaran, the propulsive efficiency
of a normal propulsor and boundary layer ingestion propulsor are compared by filling in the corre-
sponding power balance method terms in equation 2.28. After some manipulation, the propulsive
efficiency for a free stream propulsor is as given in equation 2.29, where the efficiency will always
remain lower or be equal to unity. The result for an ideal wake filling, boundary layer ingestion
propulsor is found in equation 2.30, which will always be equal or above unity. The previous is be-
cause extra power ’added’ to the equation does not come from the propulsor itself.
In addition to this, an improved efficiency definition has been proposed in the work of Hall et al. [25]
as is shown in equation 2.31. This definition eliminates both the nuisance of defining the net-thrust
and the efficiency paradox since the jet dissipation will be higher or equal to zero.

ηpr opul si ve =
T V∞

Ppr opul sor
(2.28)

ηpr opul si ve =
T V∞

T V∞+ Ėa
(2.29)

ηpr opul si ve =
Ppr opul sor + Ėa

Ppr opul sor
(2.30)



2.2. Power Balance Method 15

ηpr opul si ve =
PK −Φ j et

PK
(2.31)





3
Uninstalled Fan Test Rig

Studying the fan performance of a boundary layer ingesting fan requires mapping of the isolated fan
performance. To this end, an uninstalled fan test rig has been designed, produced, and validated to
determine the actual aerodynamic performance of the fan used in the installed propulsive fuselage
experiments.
This chapter will introduce the purpose of the fan test rig in section 3.1. The design of the setup will
be discussed in section 3.2, followed by the measurement techniques used in section 3.3.

3.1. Purpose
An experimental campaign has been conducted to obtain information about installation effects im-
posed on the fan in a propulsive fuselage concept configuration. In order to do so, an isolated fan
test rig, designed for this thesis, is used in combination with installed data retrieved from B. Della
Corte [17]. This section will serve as an introduction to justify the experimental campaign.

As stated in chapter 1, the research question will be answered through the means of numerical sim-
ulations in combination with experimental data. The experimental data is retrieved with the use of
an uninstalled fan test rig, and will serve multiple purposes, as listed below:

• Measure the fan characteristic map to determine the operating range of the fan in uninstalled
conditions.

• Assess the effect of installation in a propulsive fuselage concept on the fan blade loading.

• Assess the effect of an incoming tail wake on the fan blade loading.

• Create an actuator volume input for the numerical model to investigate installation effects
further, based on the uninstalled fan data.

The first point of interest was to create a fan characteristic map of the fan experimentally since only
CFD data of the design was available. In the campaign of B. Della Corte, a scaled model of the CEN-
TERLINE fan with a diameter of 76.15 mm was used to ’drive’ the propulsive fuselage model. The
uninstalled fan test rig discussed in this thesis uses the same fan. The experimental campaign with
the uninstalled fan test rig will be relevant to measure the design performance against the actual
performance of the fan. The retrieved data will be used to determine the actual operating range of
the fan and its performance in terms of blade loading.

17
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Since the research goal is to assess the effect of installation on the aerodynamic fan performance
in a propulsive fuselage concept, point two focuses on answering the research question through a
comparison of experimental data.
In- and outflow data obtained in the installed and uninstalled test cases will be compared to learn
how the blade loading and flow coefficient profiles differ. Comparing the radial distributions of
these variables can give an insight into how the installation affects the fan.

As shown in figure 2.1, installation in a propulsive fuselage configuration causes the fan to be im-
pacted by the presence of upstream aerodynamic lifting surfaces such as the vertical tail. The tail
wake induces a non-axisymmetric distortion onto the fan, which could alter its behaviour.
In this campaign, the upstream wake will be handled separately from the distortions introduced by
the fuselage or shroud. A tailpiece will be placed in the uninstalled fan test rig to map the effect of
an incoming tail wake on the fan performance. Comparison of the tail-on and tail-off cases can give
an insight into how the fan is affected by the installation of upstream elements.

The last point is to create an actuator volume input, based on the uninstalled fan data, for the nu-
merical model to investigate installation effects further. In the numerical simulations, an actuator
volume model is used to gain insight into the performance of the propulsive fuselage concept. Since
a reasonable estimation of the pressure profile of the fan is needed, the experimental campaign will
be used to retrieve the necessary data. This data will be presented in the form of the isolated pres-
sure profile downstream of the fan.

Without data on the fan’s behaviour and performance in isolated conditions, it is hard to single out
behaviour caused purely by boundary layer ingestion or other elements of the installation. The lack
of information would make it hard to implement an accurate actuator volume model in the numer-
ical simulations since the pressure ratio would have to be predicted from the required thrust.
With the knowledge obtained from the experimental campaign, it is easier to differentiate which
effects result from installed elements such as the shroud or other obstacles and which are a result of
boundary layer ingestion.

3.2. Experimental Setup
In this section, the design of the uninstalled fan test rig discussed in section 3.1 will be introduced,
along with details on design choices and the validation of the setup.

The uninstalled fan test rig shown in figure 3.1 is a static configuration, meaning that the turning of
the fan induces all mass flow. The fan is placed in a Plexiglass tube to exclude any effects caused by
the design of a shroud. The tip clearance amounts to 1.4% of the fan diameter.
The Plexiglass tube is fitted with a bell mouth inlet to ensure a uniform flow inside the tube and
avoid any adverse pressure gradients at the edges of the tube inlet. The bell mouth inlet is a non-
optimised design and merely creates a lip for the flow to follow rather than stalling at a corner. The
inlet only converges up to the point where it matches the inner diameter of the tube. Checks have
been performed with tufts to ensure the functionality of the inlet.

The fan is placed two fan diameters away from the inlet to ensure an undisturbed flow at the fan
inlet. Six symmetrical struts are placed upstream of the fan to support the internal structure; they
are assumed not to have a considerable effect on the flow field because of their thickness (1 mm).
The tube is made out of Plexiglass to allow the setup to be used for various flow visualisation tech-
niques such as oil flow visualisation and PIV. The visibility of the experimental setup gives the re-
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searcher a safer work environment and a better basis for calibrations, which are carried out with the
use of lasers.

Figure 3.1: The uninstalled fan test rig displayed in M-tunnel.

In the baseline or ’clean’ case, use will be made of a stationary ’nose’ upstream of the fan to guide the
flow into the fan without inducing swirl. Note that this nose is replacing the conventional spinner
cone and will not be turning. In the tail-on case, the stationary ’nose’ will be fitted with a distur-
bance in the form of a NACA0012 airfoil. The airfoil is included to examine the effect of an upstream
disturbance on the fan performance. Figure 3.2 shows a schematic representation of the clean inlet.

Figure 3.2: Schematic representation of the uninstalled fan test rig. View is turned 90 degrees concerning the actual
orientation.

As mentioned in the previous paragraph, struts support the nose piece. The inclusion of the struts
has two purposes: (i) the nose needs some structural attachment to the tube to stay in position, (ii)
it can damp out vibration-induced motion of the nose and thus decrease noise in the readings of
the equipped sensors. Although not optimal from an aerodynamic point of view, the struts serve a
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structural purpose.
The struts used for the setup are NACA0012 airfoils with a thickness of 1 mm. The latter design
choice ensures a uniform flow with minimal wake formation caused by the support structure. Vari-
ous symmetrical airfoils have been compared in xfoil to determine which one had the least intense
wake formation; NACA0012 came out as the best airfoil for this test.

Downstream of the fan, the core structure will remain the same for both cases. The core structure
consists of the nacelle downstream of the fan, including its interior equipment, which will be intro-
duced below.
The driving component downstream of the fan is the electrical drive. The selected electrical drive is
a Lehner 1950 Carline brush-less motor connected to the fan using a shaft extension fitted over the
drive’s original shaft. The shaft extension has been balanced in order to ensure stable operation.
A nacelle is placed around the Lehner 1950 Carline motor and fitted with a spherical ball bearing
to remove any vibrations induced by the shaft extension. An adaptor piece is mounted on the back
of the motor, which can attach the torque and thrust sensors sequentially. The nacelle has been
designed to make a smooth transition in the frontal area over the length of the setup, avoiding the
introduction of any adverse pressure gradients.
The last aerodynamic addition to the setup is the variable exit, as shown in figure 3.2. The variable
exit is a cone that can slide over the nacelle body. Moving the cone will vary the outlet area and thus
the mass flow rate. The part is 3D printed and contains markings to indicate at which area ratio the
setup is being operated.

The experimental setup has a vertical configuration. The configuration is vertical to avoid any ef-
fects of gravity on the measurements, especially while performing PIV or oil flow visualisation. In
order to mount the setup vertically, a rig needed to be placed around the setup, as is shown in fig-
ure 3.1. The frame consists out of metal beams produced by ITEM. The structure which holds the
tube consists out of 3D printed clamps fitted with rubber padding, which hold the tube vertically
and take out vibrations if needed. A metal rod supports the weight of the tube and is attached to
the frame by 3D printed holders. The rod is attached to a 3D printed basket in which the nacelle
sits. The nacelle and tube can thus be turned freely within the frame, making it easier to perform
measurements at different azimuthal locations.

The initial constant diameter duct configuration introduced in this section could not obtain the
mass flow rate needed to extract the experimental data required. The reduced mass flow rate was a
consequence of flow blockage introduced by stalling downstream elements and streamline contrac-
tion due to the converging nature of the tube. A design study was performed to map the different
effects of the recommendations on the achievable flow coefficient. In figure 3.3 the various cases
are represented with their maximal achievable mass flow. The list below shows the different cases
depicted in figure 3.3.

• Case 1, constant diameter duct design.

• Case 2, reduced downstream tube length.

• Case 3, flow aligned support struts.

• Case 4, removal of support struts.

• Case 5, constant area duct design.



3.3. Measurement Techniques 21

In figure 3.3 one can see that the operating range in terms of φ in case 5 is doubled. For this reason,
the remainder of this report uses the setup as shown in case 5. More information on the analysis of
the flow blockage and recommendations can be found in appendix A.
Appendix E presents schematics of the uninstalled fan test rig.

Figure 3.3: Improvement in maximum achievable flow coefficient per recommended case.

3.3. Measurement Techniques
On top of the design of the experimental setup’s structure, the proper measurement equipment had
to be selected. In order to do so, it is essential to list which main parameters need to be moni-
tored. In table 3.1 the required outputs of the experiment are listed. Support measurements and
calculations will have to be performed to retrieve the values for these parameters. Table 3.2 lists the
measured and calculated values note that the means that measurements will be taken at multiple
locations, as is shown in figure 3.4.

Figure 3.4: Station numbering in uninstalled test fan test rig. The blue lines indicate wall static measurements. The red
lines indicate traversing pitot measurements.

Six static pressure ports are installed to measure the static pressure at stations 1 and 3. The pressure
ports will measure both the static pressure at the wall upstream and downstream of the fan. This
data can be used to monitor if the flow is behaving axisymmetric. The port’s azimuthal locations are
evenly spaced; this means that their locations are 0◦, 120◦, and 240◦ as shown in figure 3.6.
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Parameter Symbol Unit

Flow Coefficient φ [-]
Fan Pressure Ratio PR [-]
Blade Loading Distribution Π [-]

Corrected mass flow rate ṁcor r
kg
s

Table 3.1: Main Output Parameters Experimental Campaign

Parameter Symbol Unit Type

∆ Static pressure* ∆ ps Pa Measured
∆ Total pressure* ∆ pt Pa Measured
Ambient pressure pa Pa Measured
Ambient temperature Ta K Measured

Air density ρ
kg
m3 Measured

Power supplied Psuppli ed W Measured
Torque τ Nm Measured
Thrust T F Measured
Rotational speed ω RPM Measured
Velocity V m/s Calculated
Mass flow rate ṁ kg/s Calculated

Table 3.2: Support Measurement Parameters Experimental Campaign

Total pressure will be measured with the use of a manual axial traversing system. The traversing
system will be measuring different radial positions upstream and downstream of the fan, as is shown
in figure 3.5.

Figure 3.5: Axial traversing system in uninstalled fan
test rig.

Figure 3.6: Azimuthal station numbering in uninstalled fan
test rig.

3.3.1. Scaling Parameters
The pressure measurements are the most important source of data for this experiment. Upstream
static and total pressure measurements from station two are used to calculate the axial flow velocity
upstream in the tube. This is done with the use of formulas 3.1, 3.2, 3.3, and 3.4 [2]. Another impor-
tant parameter that can be derived from the pressure measurements is the fan pressure ratio. This
reading uses the difference in total pressure upstream and downstream of the fan in stations 2 and
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3, as is shown in equation 3.5.

pt = ps + 1

2
ρaV 2

x (3.1)

pt = pt ,a +∆pt (3.2)

ps = ps,a +∆ps (3.3)

Vx =
√

2(pt −ps)

ρa
(3.4)

PRr e f =
pt ,3

pt ,2
(3.5)

With the axial velocity known, one can now derive the mass flow rate in the upstream part of the
tube, equation 3.6. For the mass flow rate to be used correctly in a compressor map or fan map, the
mass flow rate will need to be corrected for varying ambient conditions, equations 3.7, 3.8, and 3.9.
Since the reference condition is sea level operation, Ta,r e f = 288.15 K and pa,r e f = 101,325 Pa [29].

ṁ = ρa A2Vx (3.6)

ṁcor r = ṁ

p
Φ

δ
(3.7)

Φ= Ta

Ta,r e f
(3.8)

δ= pa

pa,r e f
(3.9)

Since the setup operates at low speed and has a small experimental scale, it is hard to compare the
fan characteristics with the metrics mentioned above. Non-dimensional parameters can be used to
gain a better overview of how the behaviour of the fan compares to another scale of operation.
The flow coefficient and load coefficient are used to evaluate the flow behaviour. The formulation
of the equations is the same as in the work of S. Tambe et al. [55] which uses a similar setup. The
flow coefficient indicates the mass flow capacity of the fan as shown in equation 3.11 and the load
coefficient indicates the work capability of the fan as is shown in equation 3.10 [47]. Here, Vx de-
notes the axial velocity of the flow coming into the fan, and Umi d is the tangential velocity of the fan
itself. pt ,2 and pt ,3 indicate the station at which the total pressure has been extracted.

φ= Vx

Umi d
(3.10)

Π= pt ,3 −pt ,2

0.5ρaU 2
mi d

(3.11)

The power provided will be measured using a data acquisition module linked to the power supply
of the electrical drive. The supplied power is monitored to see if any irregularities indicate electrical
failures.
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3.3.2. Instrumentation
Torque will be measured using a ’Transducer techniques’, RTS series, RTS-25 torque sensor. The
torque sensor is connected to the motor with the use of an adaptor piece. The torque sensor has a
measuring range that is accurate below applied torques of 0.17 Nm. This specific torque sensor has
been chosen since it has reasonable accuracy and has a small diameter, which is beneficial for the
size of the test section.
The thrust measurements will take place with the help of the Futek Miniature S-Beam Jr. Load Cell.
The selection of the thrust sensor was based on availability in the lab. Since the thrust sensor was
accurate up to 4.5 N, it is a good match for the experiment.

Data acquisition was completed with the use of Labview and MGMPro Monitoring. Labview was
responsible for logging all the data displayed in table 3.1, except for the RPM. Data was logged time-
averaged to compensate for fluctuations in the readings. The measurements were completed time-
averaged over 15 seconds with a frequency of 5000 Hz.
The MGMPro monitoring tool was used for logging the time-accurate data of the RPM of the elec-
trical drive. The RPM was measured continuously throughout a run, and timestamps of the time-
averaged data are used to retrieve data later on.
Measuring points were altered by changing the power supplied to the electrical drive and adjusting
the tube’s exit area.
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Uninstalled Fan Performance

Following the design of the fan test rig, this chapter will focus on the results obtained in the experi-
mental campaign conducted. In section 4.1, the behaviour of the fan in the setup will be compared
to that of its numerical design. The axisymmetric assumption will be tested in section 4.2. Section
4.3 will focus on the difference in the aerodynamic performance of the fan in terms of flow coeffi-
cient and blade loading due to the effect of the installation. In section 4.4, the effect of the inclusion
of a tail wake will be investigated.

4.1. Fan Behaviour
A compressor map is often used to assess the performance of an axial fan. A classic compressor
map shows both the trend of pressure ratio versus mass flow rate and the isentropic efficiency of the
system. Due to the low pressure ratio of the fan used in this experiment (around 1.005-1.015), there
is little to no heat added to the flow. This, in combination with the lab’s considerable temperature
fluctuations, caused the estimation of the isentropic efficiency to be impossible. In estimating the
fan’s performance, only the work addition versus the flow capacity of the system is taken into ac-
count.

In the constant area duct experiment, the measured flow coefficient range spanned from 0.4 to 0.8.
The previous range indicates that the design condition of φ = 0.7 fits in the fan characteristic map
shown in figure 4.1. One can identify a peak in aerodynamic blade loading atφ= 0.6, which reduces
when the flow coefficient increases. The high angle slope of the map conforms with the fact that the
fan has a high blade solidity [18].
The behaviour on the right side of the peak shows a slight dip and thus exhibits more concave than
convex behaviour. In an ideal case, one would expect the line to be straight. In a non-ideal case, the
curve would be a bit more convex depending on the intensity of the losses in the system.
Since no stator vanes are present in the system, the swirl angle downstream of the fan can differ per
operating condition. The dip in the map shows the limitation of the use of a standard pitot probe.
Calibration runs show that the angle of the flow downstream can vary between 20 and 40 degrees,
varying with both the radial position and flow coefficient. Figure 4.2 shows a representation of the
pitot probe at different angles. The pitot probe has some tolerance in its alignment with the flow
but not enough to capture the flow as precise as preferred. Figure 4.3 shows a corrected fan char-
acteristic map. Corrected means that the traversing data of the 20 and 40-degree cases have been
combined to create a more realistic map. One can see that the behaviour of the map is now concave,
as expected. Another observation is that the blade loading values slightly overshoot the design. It is
shown that the slope of the blade loading trend is roughly the same, but the onset of the stall margin

25
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happens at a higher flow coefficient, shifting the experimental case slightly to the right on the flow
coefficient axis. Hence, the fan’s performance is as expected in terms of blade loading. However, the
flow coefficient is on average 5.36% higher to achieve this.

Figure 4.1: Normalized fan characteristic map of the uninstalled fan.

Figure 4.2: Illustration of pitot probe angle
versus incoming velocity angle.

Figure 4.3: Corrected fan characteristic map versus design fan characteristic
map

Comparing figures 4.1 and 4.3 shows that the experiment has covered 75% of the stable part of the
design fan characteristic map presented in figure 4.3. The fan characteristic map shows that the de-
sign condition behaves as expected, within 5.68% of the design value. Table 4.1 shows the remaining
design point offsets.
One can see that the stable area of operation is smaller in the actual campaign than in the design
case. The peak blade loading in the design case was found at φ = 0.5 and has shifted to φ = 0.6 in
the experiment. The discrepancy in stall margin is caused by the inability of CFX turbo, with k −ω
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SST solver, to identify the tip losses. In the experiment, tip losses have been accounted for as an
important source of loss. The design curve shown in figure 4.3 is a straight line and therefore ideal.
Losses are thus not taken into account while they are present in real life.

Π [-] Design φ [-] Experimental φ [-] ∆φ [%]

1.09 0.59 0.54 9.26
0.94 0.69 0.65 5.68
0.85 0.72 0.71 2.12
0.78 0.78 0.75 4.39

Table 4.1: Difference in flow coefficient between CFD design and uninstalled fan test rig corrected fan map data.

Figure 4.1 shows that the compensated fan characteristic map has a better trend shape than the
original shown in figure 4.3. The compensated map has been constructed by combining 20 and 40-
degree angle data, taking the maximum blade loading for each radial location. This method shows
that the actual blade loading is higher than was expected from the design. The primary cause of this
rise is the overall shift in flow coefficient discussed above.
It can be concluded that the CFX turbo design simulation cannot capture the actual fan perfor-
mance. The simulation cannot predict the surge margin and slightly underpredicts the flow coef-
ficient, which matches the blade loading. However, this shift is close to the allowed 5% offset of
experimental data and should thus not be considered detrimental. The presented fan characteristic
map comparison shows the importance of conducting a real-life experiment to map the actual fan
performance. Since the map is sensitive to changes in probe angle, it is recommended to use a five-
hole pitot probe to obtain more accurate data in future research.

Figure 4.4: Fan blade loading coefficient profiles at various flow coefficient settings.

The fan characteristic maps presented previously are constructed by computing the mass averaged
blade loading coefficient from the radial blade loading distribution. The profile of this blade load-
ing is an essential metric of comparison for evaluating installed and tail-on cases and is used as an
input for the numerical simulation discussed in section 6.2.
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Figure 4.4 shows the corrected uninstalled blade loading profiles with respect to the blade height.
From figure 4.4, one can see that blade loading of the tip region changes significantly with the flow
coefficient setting, up to 37.39%. The hub region also sees a substantial variation in blade loading,
with a maximum shift of 39.87%. Even though the hub and tip region seem to be equally affected
by the change in flow coefficient, the blade profiles do show some change in shape. At the design
blade loading, φ = 0.7, one can see a fuller curve in the upper part of the blade, Yn > 0.6 , whereas
the off-design conditions show a sharper curve in that region.

4.2. Azimuthal Variation
In order to check if the assumption of an axisymmetric flow used in the previous sections is cor-
rect, azimuthal velocity variation and blade loading maps have been created. Figure 4.5 shows the
upstream variation in wall velocity as monitored by the static pressure probes. An almost perfect
azimuthal symmetry has been recorded, showing that the incoming flow is behaving axisymmetric.
On the map shown in figure 4.6, the azimuthal variation of the mass averaged blade loading of the
setup is plotted. The measurements have been taken at design flow coefficient, φ= 0.7. The probe
has been radially traversed at various azimuthal locations to identify any fluctuations with respect
to location. The readings have been taken with an uncertainty margin of 5%, induced by the manual
process of measuring.
Figure 4.6 shows that the flow can be regarded as axisymmetric. The maximum variation in the plot
is only 4.89%, which falls within the uncertainty range. The azimuthal position of the probe does
not affect the results, and the axisymmetric assumption holds downstream as well.

Figure 4.5: Azimuthal variation in velocity at fan inlet (sta-
tion 1).

Figure 4.6: Azimuthal variation in blade loading coefficient
at fan exit (station 3).

4.3. Installation Effects
One of the goals of this work is to investigate the effect of installation in a propulsive fuselage con-
cept configuration on the fan performance. In order to be able to quantify the effect the installation
has on performance, the uninstalled data will have to be compared to installed data. Data on the
installed fan performance is available from the work of B. Della Corte [17]. As stated in section 3.1,
comparing the uninstalled and installed data grants an insight into the changes in the behaviour of
the fan due to installation in a propulsive fuselage concept and can be used to single out problem
areas.
In this section, the blade loading coefficient and the flow coefficient are used to determine the
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changes in the fan’s performance. Performance in this section is thus translated to the capacity
of momentum creation and mass flow generation of the fan.

Before any comparison is made, it is important to introduce the two cases and examine their main
differences. In figure 4.8, the uninstalled fan case is shown, as was introduced in section 3.2. In
figure 4.7, the installed fan test case of B. Della Corte [17] is shown.
The installed case was running at a flow coefficient of 0.7, where Vx =V∞ = 20 m

s . As shown in figures
4.7 and 4.8, the propulsive fuselage concept used in the installed case features a highly curved fuse-
lage, which is used to introduce a large boundary layer to the flow. In the installed setup, the flow
was tripped to ensure the transition to a turbulent boundary layer. The second big difference with
respect to the uninstalled fan test rig is the introduction of the shroud. The flow will thus encounter
a diverging inlet before it enters the fan. At the fan’s exit, the flow meets the converging exit between
fuselage and shroud, which again can affect the overall fan performance.
Since the uninstalled fan test rig features a constant area duct, it is a good case for comparison to
monitor the change in fan performance due to the propulsive fuselage installation.

Figure 4.7: Experimental installed setup [17]. Figure 4.8: Experimental uninstalled setup.

As stated in section 4.2, it can be assumed that the uninstalled fan setup has an axisymmetric nature.
The same assumption is made for the collection of the installed data. Because of this assumption,
blade loading profiles can be constructed to compare the averaged radial behaviour of the fan in
both cases. Equations 3.11 and 3.10 are used to calculate the blade loading and flow coefficient.

The first case of comparison is that of the inlet, indicated as station A in figures 4.7 and 4.8. Mea-
surements at location A will provide the inlet profile of the fan. For the inlet comparison, use will be
made of the variation in flow coefficient with respect to the radial location. The radial location has
been normalised with the use of equation 4.1, where the radial traversing distance has been divided
by the blade height.

Yn = r

Rbl ade
(4.1)

Figure 4.9 shows the radial distribution of the flow coefficient for the powered and unpowered in-
stalled cases and the powered uninstalled case. Both cases are presented at an aimed flow coeffi-
cient of 0.7. For the uninstalled case, an average flow coefficient of 0.68 is reached.
One can see that the inlet profile reached in the uninstalled case is reasonably uniform. The wall
and hub boundary layers protrude 9.7% and 7.3% into the measuring domain, as shown in figure
4.9. The boundary layer does not create a significant shift in flow coefficient and is thus not expected
to impact the fan performance.
However, the effect of the boundary layer on the flow coefficient of both installed cases is more sig-
nificant. In the bare fuselage case, the configuration is measured without shroud and no fan power.
One can see that the flow coefficient drops significantly to 0.46 area averaged at the fan inlet. When
considering the powered case, the fan’s upstream effect on the incoming boundary layer increases
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the average flow coefficient to 0.49. The upstream influence of the shroud also shows at Yn = 1.2.
The figure shows that the fan, including the shroud, was completely engulfed in the boundary layer
created by the propulsive fuselage concept in the installed case.
Comparison of the installed and uninstalled flow coefficient profiles shows that the fan deals with
a drop of 27.66% in flow coefficient, in the case of boundary layer ingestion. In theory, this would
bring the fan into the unstable part of the fan map presented in section 4.1.
From this comparison, it can be concluded that boundary layer ingestion can significantly reduce
the inlet flow coefficient, having a more distinct impact on the hub section of the fan.

Figure 4.9: Radial variation in inlet flow coefficient, installed versus uninstalled.

The following comparison evaluates the flow at station B. This comparison uses the radial distri-
bution of the blade loading to monitor changes with respect to the addition of momentum to the
flow. Following the previous evaluation of the inlet flow coefficient, the comparison will show the
installed and uninstalled performances at φ = 0.5, 0.6, and 0.7. The reasoning behind this is to as-
sess the impact of the incoming flow coefficient with respect to the set flow coefficient. The value
of 0.6 has been added to evaluate how the actual blade loading differs with respect to the maximal
achievable blade loading.

Figure 4.10 shows the radial blade loading distributions with respect to the normalized radial posi-
tion of equation 4.1. When comparing the uninstalled profiles of the φ= 0.5 and 0.7 cases, one can
see that the average blade loading changes from 0.853 to 0.945. The profile is shifted to the right,
increasing the overall blade loading. The shape of the profile differs significantly as well. The fuller
blade loading curve in the upper half of the φ = 0.7 curve is the effect of a more optimal operation
mode, as can be found in the fan characteristic map of figure 4.3. The fuller curve in the tip region
has a large impact on the mass averaged blade loading for the fan since, at the outer ring, more mass
flow is coming through.
The comparison of the installed case with the uninstalled cases clearly shows that the stream tube
height has been reduced by 10.25% due to the installation in the propulsive fuselage configuration.
Here, the stream tube is defined as the height of the propulsive jet spanning up to the shroud’s slip-
stream. The stream tube contraction significantly impacts the mass averaged blade loading since
the profile covers a smaller area. Due to the reduction in stream tube radius, the mass averaged



4.3. Installation Effects 31

Figure 4.10: Radial variation in exit blade loading coefficient, installed versus uninstalled.

blade loading of the installed case has dropped to 0.755. The latter influences the fan’s performance
since less momentum can be added to the flow for the same energy input. When taking the same
data set for the φ = 0.5 case, one can see that the difference in blade loading between the two is
15.75%. Note that only the upper 80% of the data is available, and thus only this part has been aver-
aged.

Figure 4.11: Radial variation in exit blade loading coefficient, installed versus uninstalled, corrected for stream tube
height.

Since the radius of the stream tube in the uninstalled case is equal to that of the blade height, it
is easy to normalise the data. In the installed case, the shroud slipstream caused the stream tube
radius to contract, complicating the profile comparison. In figure 4.11 the blade height of equation
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Figure 4.12: Radial variation of incoming incidence angle, installed versus uninstalled.

4.1 has been replaced by the stream tube height to be able to compare the behaviour of the blade
loading profiles in greater detail.
In the stream tube normalised comparison of the blade loading distribution, one can see that the
installed case indeed behaves similarly to the uninstalled φ= 0.5 case, as was predicted in the inlet
comparison. There is still some effect of the shroud wake or slipstream in the tip region, but this is
much less pronounced. One can see that the hub region performs better than expected in the in-
stalled case. For the available data points between Yn = 0.2 and 0.4, the difference in blade loading
is 4.78%. The performance is increased up until the φ= 0.7 curve.
The increased incidence angle of the flow, due to the incoming boundary layer, causes this shift in
blade loading. Figure 4.12 shows the radial distribution of the incidence angle of the flow at the fan
inlet. Here one can see a radial increase in incidence angle, with an increased variation at the hub.
In the middle region, Yn = 0.4 to 0.8, the blade loading only differs by 0.09%. The total mass aver-
aged difference in blade loading between the installed andφ= 0.5 uninstalled blade loading is 2.2%.

The latter comparison shows that the installation of the fan in the propulsive fuselage concept de-
creases the effective slipstream height. Since work is expressed as Pa

m3 , the effective work added to
the flow reduces due to the reduction in stream tube height with respect to the ideal case. The drop
in mass averaged blade loading is 15.75% due to the inclusion of the shroud.
The comparison also shows that installing the fan in a propulsive fuselage concept model benefits
the blade loading of the 0.2 to 0.4 yn region. Unfortunately, the data retrieved from the installed case
does not offer enough insight into the profile development towards the fuselage surface.
In figure 4.9, the boundary layer is more pronounced in the region beneath Yn = 0.4. Figure 4.11
shows that the hub blade loading is increased up to this radial position. The fan’s available hub sec-
tion data in this region performs the same as under theφ= 0.7 condition. The increase in incidence
angle in the hub section increases the blade lift and thus the blade loading. It is recommended to
research the hub section in more detail to investigate how this trend develops towards the wall of
the fuselage.

After analysing the in- and outflow profiles of the flow coefficient and blade loading, data shows
that the incoming flow coefficient dictates the fan performance. While designing a fan and fuselage
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combination, one has to remain on the stable side of the fan characteristic map. It is vital to con-
sider the upstream interaction between the fan and boundary layer and its effect on the operating
point in the fan characteristic map.

As stated in section 3.1, the actuator volume used in the numerical part of this thesis uses the pres-
sure profiles obtained from the uninstalled test setup as an input. Section 5.4 will cover the method
for obtaining the polynomial functions.

4.4. Tail Installation
The last element introduced in section 3.1 that needs to be covered is the effect of the incoming tail
wake on the fan performance. The installed case will be compared to the uninstalled set up where a
NACA 0012 tailpiece has been placed upstream in the tube, as shown in figure 4.13.
The installed tailpiece has been designed to create a wake that matches the installed experiment’s
tail wake. Use was made of the Envisiontech resin printer to create a seamlessly fitted piece in both
the tube and the hub section. In this section, the blade loading coefficient from equation 3.11 will
be used as the primary performance metric.

Figure 4.13: Schematic representation of tail position and measurement location in uninstalled fan rig.

The first part of the evaluation focuses on how the tail inclusion changes the fan’s inflow profile. A
pitot probe has been longitudinally traversed to measure the wake intensity of the flow. Measure-
ments are taken directly behind the tailpiece as indicated in figure 4.13.
The 75% radial position has been selected for traversing since it indicates the mass averaged blade
loading best. Since the velocity profiles upstream of the fan are practically uniform, it is assumed
that this uniformity also holds for the wake created by the tailpiece. The wake data will thus be ex-
trapolated over the radius of the inflow profile to use in the blade loading equation.

Figure 4.14 shows the wake intensity regarding the tail-mounted cases of the uninstalled fan test rig
and the wind tunnel propulsive fuselage. The metric of comparison here is Cpt , defined in equation
4.2, where Vx,i is the inlet velocity of the fan. The normalised x component represents the wake
width divided by the fuselage diameter.

Cpt ,i =
pt ,3 −pt ,∞

0.5ρV 2
x,i

(4.2)

One can see that the normalised width of the tail wakes in figure 4.14 is not equal and that the wake
intensities differ. In the installed case, the total pressure in the flow close to the tail does not return
to ambient, whereas in the uninstalled case, it does. When only comparing the parts where the wake
starts to increase in intensity, the wake width differs by 37.66%. Ranging from xn = -0.0077 to 0.0077
in the installed case, and xn = -0.0045 to 0.0051 in the fan test rig.
The increase in wake intensity is 199% at its peak. A mistake in the tailplane design caused a mis-
match in wake intensity. Namely, the wrong normalisation values were taken into account. The
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Figure 4.14: Total pressure coefficient profile of tail wake versus normalized wake width. A comparison between wind
tunnel and fan test rig data.

comparison in this section will thus not be comparable to the installed case data. Nevertheless, the
data obtained can give a valuable insight into the effect of tail installation on the fan’s performance.
Note that this tail-on case is not included in the numerical analysis because of the inability to com-
pare the two cases.

In order to monitor the effect of the tail wake onto the azimuthal blade loading variation, the mass
averaged blade loading has been mapped for various positions, as is shown in figure 4.15. Figure
4.15 also shows the azimuthal variation of the uninstalled case without tail, as was presented in sec-
tion 4.2.
One can see that the blade loading variation does not change along the circumference of the do-
main, except for the measuring point downstream of the wake. The difference between the blade
loading outside the wake is, on average 1.22%. This deviation falls within the uncertainty margin of
5% of the measurements.
The total pressure measured behind the wake is not affected by the inclusion of the tailpiece. This
causes a peak in blade loading measured directly behind the wake, as is shown in figure 4.16, where
only the variation in total pressure downstream is depicted. The wake has lowered the inlet to-
tal pressure while not affecting the downstream total pressure reading. The fan blade loading has
therefore increased by 109.6% at this location. Table 4.2 gives a summary of the change in mass
averaged blade loading differences.

Θ [◦] 0 60 90 120 240 300

∆Π [%] +109.6 -3.21 -1.53 +2.75 -2.36 -1.77

Table 4.2: Azimuthal variation in mass averaged blade loading between tail-on and tail-off case.

A more detailed comparison of the blade loading is shown in figures 4.17 and 4.18, where the profiles
of the 0◦ and 90◦ azimuthal positions are displayed, respectively. The first figure to discuss is figure
4.18. Here one can see that there is no significant difference in the blade loading profiles outside the
wake.
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Figure 4.15: Azimuthal mass averaged blade loading
variation, tail-on versus tail-off.

Figure 4.16: Azimuthal mass averaged downstream total
pressure variation, tail-on versus tail-off.

In figure 4.17, the radial distribution of the difference at the location behind the wake is shown. Here
one can see that the profile has increased by 109.6% in total. At the hub section, from Yn 0 to 0.3, the
profile is most affected (by 149.3%). The tip section, ranging between Yn = 0.7 and 1, is increased by
98%. Figure 4.19 supports the last findings, the incidence angle has been increased along the span
of the blade, and the increase in incidence angle is indeed higher at the hub than for the tip region.

As stated previously, the results in this section stem from the fact that the total pressure downstream
has not varied. Two specific points mentioned in the previous results call for a speculative discus-
sion. The first point is the fact that the location of the wake now dictates the azimuthal location of
the peak in blade loading. Since it was established that the swirl angle of the flow is around 20 to
40 degrees, it seems unlikely that the peak blade loading would be measured precisely downstream
of the tail wake. The second point relates to the measurement position. The pitot probe has been
traversed one fan diameter behind the fan trailing edge (76.15 mm). The wake has been measured
20 mm before the fan. The fan is thus most surely impacted by the wake, as shown in the flow vi-
sualisation of figure 4.20. Traversing measurements positioned closer to the trailing edge of the fan
should be considered to rule out if the fan is benefitting from the local disturbance or if the results
presented are a result of wake filling caused by viscous diffusion. Nonetheless, the incoming tail
wake does not cause an overall deterioration of momentum addition to the flow.
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Figure 4.17: Radial variation in exit blade loading
coefficient at θ = 0, tail-on versus tail-off.

Figure 4.18: Radial variation in exit blade loading coeffi-
cient at θ = 90, tail-on versus tail-off.

Figure 4.19: Radial variation of blade incidence angle,
tail-on versus tail-off. Figure 4.20: Oil flow visualisation of tail wake effect on the

fan’s tip section.



5
Propulsive Fuselage Concept Numerical

Setup

Numerical simulations can provide a valuable tool to analyze a boundary layer ingestion configura-
tion. CFD is a flexible tool that can be used to analyze different setup elements in a limited amount
of time. This chapter discusses the numerical simulations performed during this thesis. First, sec-
tion 5.1 presents the purpose of the numerical simulations. The model and meshing methods are
presented in section 5.2, followed by a sensitivity study of the solver settings in 5.3. Section 5.4 dis-
cusses the inclusion of the actuator volume. This chapter will be concluded with an introduction of
the normalized power balance terms in section 5.5, which will be used for the propulsive fuselage
concept analysis.

5.1. Purpose of Simulations
This section will introduce a numerical investigation of the propulsive fuselage concept perfor-
mance and how the propulsor influences it. This numerical investigation shows the difference be-
tween the propulsive fuselage concept operating under installed and uninstalled fan conditions. In
the uninstalled case, the actuator volume of the propulsive fuselage concept uses the uninstalled
fan data as an input. The uninstalled case gives an insight into the performance of the propulsive
fuselage when the fan is not affected by the incoming boundary layer or interactions with fuselage
and shroud. In chapter 4, the difference between installed and uninstalled fan performance has
been assessed. By comparing the two cases, the losses present due to the incoming boundary layer
can be identified.

The numerical simulations answer the research question by serving as a fair comparison for the ex-
perimental data. Only the fan’s performance changes in terms of momentum source and its radial
distribution. The information gained from the simulations will serve multiple purposes, as listed
below:

• Assess the difference in boundary layer profiles at installed and uninstalled fan operation.

• Assess the effect of uninstalled fan operation on power balance terms.

• Conclude if the actuator volume approach based on the uninstalled fan data is valid for bound-
ary layer ingestion research.

37
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The first goal of the simulations is to compare the behaviour of the propulsive fuselage concept
with an uninstalled actuator volume, based on experimental data, with that of a fan operating in
wind tunnel conditions. The delta between the two cases shows the effects of the reduction in mo-
mentum source caused by the installation of the fan in the propulsive fuselage concept. Important
indicators to assess how the fan behaviour has changed are the axial velocity perturbation ratio u

V∞
at the inlet and the total pressure coefficient at the outlet. One can see that these terms are similar
to the flow coefficient and blade loading coefficient but are now normalized with the free stream
velocity.
By comparing the change in the inlet profile, one can assess the upstream effect of a fan operating
in installed or uninstalled conditions. A comparison of the profiles at the propulsor outlet shows
how the propulsive jet is influenced by the change in fan operation.

The second point on the list is to assess the effect of fan performance on the propulsive fuselage
performance. This will be done by comparing the power balance terms of the simulations and the
wind tunnel experiment. Discrepancies between the power balance terms indicate which flow phe-
nomena play a significant role in the performance of the propulsive fuselage. By monitoring the
effect of the fan performance on the propulsive fuselage performance, the influence of the fan on
the propulsive fuselage can be studied. The knowledge gained can help to investigate the strengths
and weaknesses of the propulsive fuselage concept.

The last goal of the numerical part of this research is to investigate if the chosen actuator volume
approach is sufficient for research in a propulsive fuselage setup. The actuator volume has been se-
lected for this research because the incoming boundary layer should not influence the propulsor in
the CFD simulations. If the results of the actuator volume approach a satisfactory, it would reduce
the need for an expensive test setup and allow for flexible investigation of the propulsive fuselage
concept at varying flight conditions.

Overall, the simulations performed in this research will answer the research question through an
investigation of the effect of the fan on the propulsive fuselage performance. With the informa-
tion gathered from the points mentioned above, conclusions can be formulated on the effect of fan
installation on the boundary layer and propulsive jet of the propulsive fuselage. These points can
contribute to a discussion of the strengths and weaknesses of the propulsive fuselage configuration.

5.2. Model & Meshing
The validation case for the numerical simulations will be the experimental setup shown in figure
5.1. 3D models of the CENTERLINE and VGM (variable geometry model) aircraft configurations are
used to construct the CAD geometry for this research. The VGM is an adaptable wind tunnel model
that can be easily converted into different configurations, as has been used earlier in the works of
van Arnhem et al. and Kulkarni et al. [31, 58].
The aft body of the CENTERLINE configuration, including the nacelle, is used for the CAD geometry.
This geometry is fitted with the front fuselage of the VGM model, as is shown in figure 5.2.

The geometries of the CAD and wind tunnel models do not match because the CENTERLINE wind
tunnel model used in previous tests is not modular, while the VGM was. The latter causes the ex-
perimental setup to have the fuselage of the VGM with the aft configuration of the CENTERLINE
model. The CAD model used in this research uses a modified body to match the scaled length and
diameter of the CENTERLINE configuration. In the wind tunnel experiment[17], a different fuselage

has been used, which has corresponding slenderness,
L f

d f
[45]. The wind tunnel body slenderness is
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Figure 5.1: Graphical representation of test setup used by B.
Della Corte [15].

Figure 5.2: Dimensions numerical geometry input [mm].

11.1, while the CAD model slenderness is 11.18.
After importing the CAD model into ANSYS, it is ’cleaned up’ in ANSYS Spaceclaim. ’Cleaning up’
means that sharp edges and bad faces present in the geometry are removed or repaired to ensure
a better basis for meshing. Construction of the enclosure for the fluid domain around the model
takes place in Spaceclaim. The enclosure shape matches that of the LTT wind tunnel used in the ex-
periment. The enclosure has an octagonal inlet of 1.25 by 1.8 meters. A representation of the wind
tunnel inlet and enclosure size can be found in Appendix C. It has been decided to use the walls
of the actual configuration to provide a good validation case that matches the experimental setup’s
domain. The enclosure walls are modelled without shear stresses to omit the influence of boundary
layer formation.

After making the necessary modifications in Spaceclaim, the space discretization of the models
takes place in Ansys Meshing. The meshing of the domain has been completed on 180-degree ge-
ometries to save computational costs. The problem is assumed to be symmetric, allowing for this
approach in all cases with zero side-slip angles.
An unstructured mesh is used to reduce the computational cost of the simulations. The reduced
amount of cells of an unstructured grid, with respect to a structured grid, with high flexibility and
minor adverse effects on accuracy, offer a good trade-off, especially for complex shapes [22].
The general meshing approach followed in this research was to set up a mesh that captures the
boundary layer’s flow phenomena in sufficient detail. An iterative process showed that a rather fine
grid, above 20 million elements, was needed to minimize the effects of numerical diffusion in the
simulations. The unstructured grid was divided into different regions, enabling the mesh to be more
refined near the body and in the wake, optimizing the simulation for accuracy and computational
time. One of the elements used to refine the boundary layer is an inflation layer around the bodies
of interest. This inflation layer satisfies the y+< 1 condition. As shown in figure 5.3, this will aid in
accurately refining the viscous sublayer and subsequent elements of the boundary layer. The initial
value needed for the first cell height was calculated with the use of equations 5.1 and 5.2. After run-
ning a simulation, the actual y+ values could be monitored in ANSYS-post to conclude if another
iteration on the first cell height was necessary. Table 5.1 shows the resulting first layer cell heights.

y+ = yu∗

ν
(5.1)
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u∗ =
√
τw

ρ
(5.2)

Figure 5.3: Velocity distribution for a turbulent boundary layer [59].

Element First cell layer height [µm]

Fuselage 14
Shroud 20

Table 5.1: First cell layer height of the prism layers.

During the mesh refinement, the skewness and orthogonality of the mesh elements needed to be
monitored. The previous means that the orthogonality should be as close as possible to 1 and the
skewness above 0.5 [3, 4]. The formulations of skewness and orthogonality can be found in equa-
tions 5.3 and 5.4 respectively.
In equation 5.3, θmax denotes the largest cell angle, θmi n the smallest cell angle and θe the angle for
an equiangular cell. In equation 5.4, vector ~Ai denotes the face normal vector of the cell and ~ei the
vector from the face centroid to the centroid of each edge. All meshes in this work have a minimal
amount of low-quality cells.

Skewness = M AX

[
θmax −θe

180−θe
,
θe −θmi n

θe

]
(5.3)

Orthogonal Quality = 1−
~Ai~ei

|~Ai ||~ei |
(5.4)

A mesh refinement study has been completed to see if the drag coefficient of the solution converges
to the correct solution by reducing the mesh element size. The reduction of the mesh element size
was achieved by scaling the local refinements from the baseline case with a pre-defined percent-
age. In order to monitor the effects of mesh refinement on the outcome of the simulations, the
drag coefficient output of the simulations has been compared to reference drag coefficient values.
The used reference drag coefficients originate from the experimental setup used by B. Della Corte, a
2D axisymmetric simulation used in the validation of the work of B. Della Corte [15], and an ESDU
reference fuselage with the transition point set to the same axial position as it occurs in the sim-
ulations, namely 0.18 m. The simulation used for the mesh convergence study consisted out of a
Spalart-Allmaras simulation with the most optimal settings found in the sensitivity study, which
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will be discussed in section 5.3.

Table 5.2 displays the results of the mesh convergence study performed. It can be observed from the
results in this table that the solution is converging. The experimental and 2D axisymmetric cases are
the best reference cases because they represent the wind tunnel experiment’s actual and validation
data. The aim is, however, to be as close to the actual experimental case as possible.
In table 5.2 it is clearly shown that the results of the simulations fall within a reasonable range of the
experimental data. Absolute mesh convergence could not be reached because of the lack of com-
putational power. However, when comparing the first coarse step and first and second refinement
cases, one can easily see that the results are converging sufficiently.

Case (Cd) ∆ Cell Size Mesh Elements ∆ Cd Experiment ∆ Cd 2D ∆ Cd ESDU

ä ESDU (0.1333) - - -7.62% -5.33 % -
ä 2D (0.1404) - - -2.7% - +5.33 %
ä Experiment (0.1443) - - - +2.7% +7.62%
Coarse 1 (0.1023) +50% 13.092.769 28.45% -27.14% -30.30%
Baseline (0.1352) - 21.804.130 -5.47% -3.70% +1.42 %
Refinement 1 (0.1352) -10% 23.132.391 -5.46% -3.70% +1.42 %
Refinement 2 (0.1353) -20% 25.290.080 -5.37% -3.63% +1.50 %

Table 5.2: Results of the mesh convergence study. The ä indicates a reference Cd value. ESDU is the value obtained from
the ESDU reference fuselage. 2D is the value obtained from a 2D axisymmetric simulation [15]. Experiment denotes the
value obtained from the reference wind tunnel experiment [15]. The first column indicates the change in cell size with
respect to the baseline. Column two presents the total amount of elements in the grid. The ∆ Cd columns indicate the
percentage change of the Cd value to the respective value indicated in the row.

The previously discussed mesh convergence study has been conducted on a mesh with only an en-
closure without a body of influence. First, a global indication of the mesh convergence with local
refinements had to be investigated before adding a refinement zone. In order to be able to capture
the behaviour of the flow in more detail, the use of a body of influence might prove beneficial. Fig-
ure 5.4 displays the inclusion of the body of influence.

Figure 5.4: Graphical representation of the mesh enclosure with a body of influence.

Table 5.3 shows the mesh convergence results with the body of influence included, which is refined
along with the other mesh components. It can be seen that the inclusion of the body of influence
has a positive effect on the outcome of the simulation. The difference with the 2D axisymmetric
case is lowered by 0.64%, and the difference with the experiment is less than 5%.
The case of mesh refinement 2, with a body of influence, has been chosen to be the mesh to run the
final simulations with since it gives the best matching results. Sensitivity studies have been com-
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pleted in less refined meshes, such as the baseline case, because of the computational efficiency of
these meshes, allowing for more flexibility in debugging and troubleshooting.

Case (Cd) ∆ Cell Size Mesh Elements ∆ Cd Experiment ∆ Cd 2D ∆ Cd ESDU

ä ESDU (0.1333) - - -7.62% -5.33 % -
ä 2D (0.1404) - - -2.7% - +5.33 %
ä Experiment (0.1443) - - - +2.7% +7.62%
Baseline (0.1352) - 21.804.130 -5.47% -3.70% +1.42 %
Refinement 1 (0.1352) -10% 23.132.391 -5.46% -3.70% +1.42 %
Refinement 1 + BOI (0.1360) -10% 25.370.977 -4.92% -3.13% +1.98 %
Refinement 2 (0.1353) -20% 25.290.080 -5.37% -3.63% +1.50 %
Refinement 2 + BOI (0.1362) -20% 30.775.477 -4.76% -2.99% +2.18 %

Table 5.3: Results for the mesh convergence study including a body of influence (BOI). The ä indicates a reference Cd
value. ESDU is the value obtained from the ESDU reference fuselage. 2D is the value obtained from a 2D axisymmetric
simulation [15]. Experiment denotes the value obtained from the reference wind tunnel experiment [15]. The first column
indicates the change in cell size with respect to the baseline. Column two presents the total amount of elements in the
grid. The ∆ Cd columns indicate the percentage change of the Cd value to the respective value indicated in the row.

5.3. Sensitivity Study
On top of the mesh convergence study, a sensitivity study has been performed. This study identi-
fies which settings influence the results most. The drag coefficients of the converged solutions have
been compared to the reference values mentioned previously.
Settings that could influence the simulation results are the choice of turbulence model, turbulence
intensity setting, curvature correction, and the inclusion of Sutherland’s law for air viscosity. Other
factors can also play a role in acquiring correct results, but they were set to be constant. For example,
the inflow velocity and ambient temperature are constant since they are needed to portray a specific
scenario. Other values, like constants within the turbulence model or wall roughness height, have
been set to default. The previous is because it would complicate the sensitivity study while adding
little knowledge about the problem. In future research, one could choose to extend the sensitivity
study with more parameters.
In table 5.4 one can see the results of the sensitivity study which has been performed for the dif-
ferent turbulence models. The turbulence models which are investigated are Spalart-Allmaras and
k −ω. These models were chosen because they have been widely used in boundary layer ingestion
research [8, 15, 25, 30, 33].

The Spalart-Allmaras method is a robust method that handles attached flows very well [28]. There-
fore, it seems to be a good option to model the boundary layer flow with this method. As mentioned
in the work of Spalart and Allmaras, this model is not intended for use in a homogeneous turbulent
flow, but rather in thin shear layers such as the boundary layer [52]. The Spalart-Allmaras method
is computationally very efficient since it only deals with one equation. It is also specially developed
for the aerospace industry, and its main objective was to predict shock or boundary layer behaviour
at smooth surfaces. Using the Spalart-Allmaras method for the viscous sublayer and mixing layer
will thus often yield good results as long as the flow does not separate or reattach [28, 52]. Equations
5.5 and 5.6 show how the eddy viscosity in the model is predicted. In this formulation, the left-hand
side of equation 5.5 shows the transport equation for the turbulent viscosity ṽ . On the right-hand
side of the equation, S̃ is the strain tensor, v the molecular viscosity, d represents the distance to
the wall, and U is the velocity. In the tripping functions ft1 and ft2 , ω represents vorticity and χ the
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turbulence intensity. The default constants used can be found in appendix D.

Dṽ

Dt
= cb1 [1− ft2 ]S̃ ṽ + 1

σ
[O((v + ṽ)Oṽ)+ cb2 (Oṽ2)]− [cw1 fw − cb1

k2 ft2 ]

[
ṽ

d

]2

+ ft1∆U 2 (5.5)

ft1 = g t exp

(
−ct2

ω2
t

∆U 2 [d 2 + g 2
t d 2

t ]

)
(5.6)

ft2 = ct3 exp(−ct4χ
2) (5.7)

One can also choose to use the strain-based Spalart-Allmaras model supplied by Ansys. In the model
discussed previously, the vorticity and strain rate are the same. In the strain-based formulation,
however, the vorticity and strain rate are independent of one another [5]. The latter model performs
well when the effect of rotation on turbulence needs to be taken into account.

The second family of turbulence models, found in table 5.4, is that of k −ω. As stated in the work
of Wilcox, ’two-equation models are complete, i.e., can be used to predict properties of a given tur-
bulent flow without prior knowledge.’[62]. In the k −ω equations, k is the transport equation for
turbulence kinetic energy andω the transport equation for the turbulence dissipation rate [28]. The
turbulence dissipation rate is the rate of transferred kinetic energy from large eddies to smaller ed-
dies; hence it is an effective model to approximate a turbulent flow [62].

In order to create the k −ω SST model, the k −ω model needs to be combined with the k −ε model.
The latter is the case because the k −ω model has considerable deficiencies in the wake part of the
flow, which the k −εmodel has not. On the other hand, the k −εmodel renders bad results near the
wall and is thus not optimal for approximating boundary layers. Combing the two gives a better ap-
proximation of the total flow [39]. However, a weakness of this model is that the model may become
vulnerable when facing large pressure gradients in the flow.
In order to model the flow, the viscous sublayer and logarithmic region will be modelled using the
k −ω relations. The k − ε relations are used to model the wake, and free stream region [39]. The
relations for the k −ω SST model are given in equations 5.8 and 5.9 [39]. Equations 5.10 and 5.11
are the necessary additions to the eddy viscosity of the model to create the shear stress, transport
model. In equation 5.8, k denotes the kinetic turbulent energy, τi j the Reynolds stress tensor, ω the
specific dissipation rate, and µ the molecular eddy viscosity. Equation 5.9 uses vt as eddy viscosity,
other constants used in formulas 5.8,5.9, 5.10, and 5.11 are given in appendix D.

Dρk

Dt
= τi j

δui

δx j
−β∗ρωk + δ

δx j
[(µ+σkµt )

δk

δx j
] (5.8)

Dρω

Dt
= γ

vt
τi j

δui

δx j
−βρω2 + δ

δx j
[(µ+σωµt )

δω

δx j
]+2ρ(1−F1)σω2

1

ω

δk

δx j

δω

δx j
(5.9)

vt = a1k

max(a1ω1;ΩF2)
(5.10)



44 5. Propulsive Fuselage Concept Numerical Setup
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When assessing the results presented in table 5.4, one can see that the regular Spalart-Allmaras
model outperforms the other turbulence models. Both k−ωmodels over or underestimate the drag
coefficient quite significantly. The strain-based Spalart-Allmaras model is underpredicting the drag
coefficient more than the regular model, probably due to the overall decreased eddy viscosity pro-
duction of the model [5]. The Spalart-Allmaras model has therefore been chosen as the primary
turbulence model for this campaign.

Case (Cd) ∆ Cd Experiment ∆ Cd 2D ∆ Cd ESDU

ä ESDU (0.1333) -7.62% -5.33 % -
ä 2D (0.1404) -2.7% - +5.33 %
ä Experiment (0.1443) - +2.7% +7.62%
SA (0.1352) -5.47% -3.70% +1.42 %
SA, Strain Based (0.1344) -6.01% -4.27% +0.82 %
K-ω (0.1264) -11.61% -9.97% -5.18 %
K-ω SST (0.1594) +11.45% -13.53% +19.58 %

Table 5.4: Results of the sensitivity analysis for turbulence model selection. The ä indicates a reference Cd value. ESDU is
the value obtained from the ESDU reference fuselage. 2D is the value obtained from a 2D axisymmetric simulation [15].
Experiment denotes the value obtained from the reference wind tunnel experiment [15]. The ∆ Cd columns show the
percentage change of the Cd value to the respective value indicated in the row.

In Ansys Fluent, the user has the option to change the turbulence intensity of the simulation. Since
the turbulence intensity can impact the results, a sensitivity study has been set up.
The chosen parameters for this study are the ANSYS Fluent default setting of 0.3, a much smaller
value of 0.03 and a much bigger value of 3. Moreover, an estimation of the actual turbulence inten-
sity needed was made with the use of equation 5.12, where the estimated Reynolds number of the
lab-scale problem was used [53].

vt

v
= 2×10−7Rec (5.12)

Although the impact of changing the turbulence intensity is minor, maximal deviations of 0.44%
with respect to one another, there seems to be a small local optimum at the calculated value of 0.8.
Since this value performs best and has the most solid theoretical background, it is used for future
simulations. For simulations at different free stream velocities, the value will be altered according
to equation 5.12.

The last variables subjected to a sensitivity study are the inclusion of curvature correction and
Sutherland’s law for ideal gas density. The reason for the selection of curvature correction is that
the 3D geometry used introduces some curvatures along the model wall, especially in the aft body
and nacelle or shroud region. The curvature correction option modifies the turbulence production
term in order to account for streamline curvature, and rotational effects [6, 54].
The choice to test Sutherland’s law stems from the fact that it is a more ’correct’ way of modelling
the viscosity of an ideal gas, in this case, air. By incorporating Sutherland’s law, the effects of tem-
perature are taken into account while determining the viscosity, as is shown in equation 5.13. Note
that T0 and µ0 are reference values at standard sea-level conditions. S is known as the Sutherland



5.3. Sensitivity Study 45

Case (Cd) ∆ Cd Experiment ∆ Cd 2D ∆ ESDU

ä ESDU (0.1333) -7.62% -5.33 % -
ä 2D (0.1404) -2.7% - +5.33 %
ä Experiment (0.1443) - +2.7% +7.62%
0.3 baseline (0.1352) -5.47% -3.70% +1.42 %
0.03 (0.1352) -5.47% -3.70% +1.42 %
0.8 calculated (0.1358) -5.02% -3.28% +1.88 %
3 (0.1353) -5.37% -3.63% +1.5 %

Table 5.5: Results of sensitivity analysis for turbulence intensity setting. The ä indicates a reference Cd value. ESDU is
the value obtained from the ESDU reference fuselage. 2D is the value obtained from a 2D axisymmetric simulation [15].
Experiment denotes the value obtained from the reference wind tunnel experiment [15]. The ∆ Cd columns show the
percentage change of the Cd value to the respective value indicated in the row.

constant, and T denotes the temperature of the flow [7, 40].

µ=µ0

(
T

T0

)1.5 (
T0 +S

T +S

)
(5.13)

Table 5.6 shows the effect of including curvature correction or Sutherland’s law in the numerical
simulation. Cases 1 and 2 show the inclusion or exclusion of the curvature correction, respectively.
The same holds for case 3, which shows the difference in the inclusion of Sutherland’s law. The last
case, number 4, demonstrates the drag coefficient while both options are enabled.
The results show that Sutherland’s law is beneficial for the model, whereas the curvature correction
only creates a diverging solution for the drag coefficient. When both features are enabled, they seem
to interfere with one another. Therefore, Sutherland’s law will be enabled during simulations while
curvature correction will be disabled.

Case (Cd) ∆ Cd Experiment ∆ Cd 2D ∆ Cd ESDU

ä ESDU (0.1333) -7.62% -5.33 % -
ä 2D (0.1404) -2.7% - +5.33 %
ä Experiment (0.1443) - +2.7% +7.62%
Case 1 (0.1260) -12.68% -10.26% -5.48 %
Case 2 (0.1356) -6.03% -3.42% +1.72 %
Case 3 (0.1358) -5.89% -3.28% +1.87 %
Case 4 (0.1262) -12.54% -10.11% -5.33 %

Table 5.6: Results of the sensitivity analysis for curvature correction and Sutherland’s law. The ä indicates a reference Cd
value. ESDU is the value obtained from the ESDU reference fuselage. 2D is the value obtained from a 2D axisymmetric
simulation [15]. Experiment denotes the value obtained from the reference wind tunnel experiment [15]. The ∆ Cd
columns show the percentage change of the Cd value to the respective value indicated in the row.

After concluding the sensitivity study, it can be shown that many parameters need to be monitored
to verify the solution. The sensitivity study shows that the Spalart-Allmaras turbulence model with
the calculated turbulence intensity level yields the best results. Using this model in combination
with Sutherland’s law brings the solution even closer to the experimental results.
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5.4. Actuator Volume
As stated in section 4.3, a data-based polynomial input is used to model the propulsor. The previous
means that the polynomial input is derived from the uninstalled fan data instead of calculating an
input based on assumptions. Since the behaviour can be assumed axisymmetric, the actuator vol-
ume can be supplied with a single polynomial function. The latter greatly simplifies the numerical
setup and reduces computational effort.
The actuator volume has been implemented by creating a separate mesh zone supplied with a mo-
mentum and energy source.
As shown in figure 5.5, the actuator volume has been placed at the exact location as the fan in the
experimental setup. The volume of the actuator volume has the dimensions of the fan, namely a
diameter of 75 mm and a chord length or depth of 17 mm.

Figure 5.5: Graphical representation of the actuator volume.

The polynomial functions used to feed the actuator volume model were extracted from the unin-
stalled fan test data presented in section 4.3. The uninstalled fan test data was scaled to match the
inlet velocity of the experimental simulation. The scaling was performed using the dynamic pres-
sure from the installed and uninstalled inlet sections. Fifth order polynomials have been used to
capture the momentum source profile. The high order of polynomial functions was selected to cre-
ate a polynomial input representing the actual momentum source in sufficient detail.
Values for the polynomial coefficients were obtained through the use of the polyfit function in Mat-
lab. Table 5.7 shows the values of the coefficients for the polynomials used in this research. Fig-
ures 5.6 and 5.7 show the overlap between the polynomial and experimentally obtained momentum
source for a setting of φ= 0.5 and φ= 0.7.

φ [-] p1 p2 p3 p4 p5 p6

0.5 3.76e+05 -7.84e+07 6.58e+09 -2.69e+11 5.46e+12 -4.38e+13
0.7 -3.81e+05 7.67e+07 -5.81e+9 2.13e+11 -3.73e+12 2.46e+13

Table 5.7: Input coefficients for polynomial functions.

The actuator volume is supplied with an axial momentum source. The effects of swirl, introduced
by the fan, are therefore not taken into account. The propulsor is thus modelled as if ideal stator
vanes are included.
The actuator volume also contains an energy source term in the form of equation 5.15, where the
polynomial function of the momentum source is given by equation 5.14. The previous is because
the inclusion of Sutherland’s law drops the assumption of a constant density and viscosity, enabling
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Figure 5.6: Polynomial function overlap at φ = 0.5. Figure 5.7: Polynomial function overlap at φ = 0.7.

the use of the energy equation.

Msour ce (r ) = p1 +p2r +p3r 2 +p4r 3 +p5r 4 +p6r 5 (5.14)

Esour ce (r ) = u(r )∗Msour ce (r ) (5.15)

5.5. Normalized Power Balance Terms
The power balance method, described in section 2.2, will be used to assess the change in perfor-
mance of the numerical and experimental data acquired. In the reference work of B. Della Corte,
the power balance terms have been normalized, making them fit for comparison with cases at dif-
ferent flow settings. In this section, the normalized power balance terms introduced by B. Della
Corte are discussed [17].

Figure 5.8: Schematic representation of control volume used for the power balance analysis.

All power terms presented are normalized by dividing the power balance terms of Drela, presented
in section 2.2, by q∞V∞Sr e f .
While evaluating section 2.2, it becomes clear that for the control volume case shown in figure 5.8,
only Pk or the propulsor mechanical energy will be a contributing factor in the power balance anal-
ysis of equation 2.15. Note that this control volume is the one that is used in the analysis of the
power terms in later sections.
Equation 5.16 introduces the normalized total mechanical power outflow. C ε̇ is composed of the
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axial momentum flux CF x and the kinetic energy flux CĖ , presented in equations 5.17 and 5.18, this
is similar to equation 2.16. Here, CF x is derived from equation 2.21.

C ε̇ =CF x +CĖ (5.16)

CF x = 1

Sr e f

∫ LT P

0
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0

(
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)2)
r dθdr (5.17)

CĖ =CĖa
+CĖr

+CĖt
+CĖp

(5.18)

As shown in equation 5.18 and 2.16, the kinetic energy flux is divided into isolated power terms.
The axial kinetic energy deposition rate is given in equation 5.19 and is derived from equation 2.17.
The radial and tangential kinetic energy deposition rates of equations 5.20 and 5.21, originate from
the transverse deposition rate given in 2.18. The pressure work term presented in equation 5.22 is
related to equation 2.19 of Drela.
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= 1
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r dθdr (5.19)
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CĖp
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r dθdr (5.22)

The normalization of power balance terms executed by B. Della Corte offers an elegant solution to
compare the power terms of different cases. In section 6.1, the normalization will be verified with
numerical data gathered at different free stream velocities.



6
Performance of the Propulsive Fuselage

Concept

This chapter will focus on the results obtained from the computational fluid dynamic simulations
presented in the previous chapter.
The chapter will start with the validation of the numerical model by comparing its bare fuselage
results to the experimental bare fuselage data in section 6.1. This section also includes the verifi-
cation of the normalisation methods used. Section 6.2 continues by investigating the propulsive
fuselage concept’s boundary layer and power balance terms. In this study, the differences between
the powered numerical and experimental cases will be discussed.

6.1. Bare Fuselage Comparison
This section will cover the analysis of the bare fuselage cases. The bare fuselage is described as a
shroud-less fuselage, as presented in figure 6.1. The performance of the fuselage itself is plotted to
understand the installation effects imposed on the fan and to map the differences among the nu-
merical and experimental approaches.
In this section, the normalisation methods of B. Della Corte will be verified. The difference between
CFD analyses and experimental data for the bare fuselage will be introduced, and the simulation’s
limitations will be addressed.

Two CFD simulations have been compared to verify the total pressure coefficient and the nor-
malised axial velocity component used in this report. One was set at a free stream velocity of 34
m
s and the other to 20 m

s . The 20 m
s case was selected as it represents the setting of the experimental

results. The 34 m
s case was selected since it represents the φ= 0.7 setting for the uninstalled test rig

data.
All profiles discussed in this section have been compared to see if the normalisation functioned
adequately. Comparison of the boundary layer profiles shows that the normalisation application
resulted in a shift of 6% in total pressure coefficient at the inlet. This shift is mainly caused by the
physical boundary layer height discrepancy between the numerical and experimental data. Obser-
vation of the power balance terms revealed no significant changes. Small shifts took place in the
values of the axial deposition rate and the pressure work rate. However, these terms cancelled each
other out in the total kinetic energy deposition rate. Therefore, it can be decided that this normalisa-
tion can compare data recovered at different free stream velocity settings. Graphical representations
of the data comparisons mentioned in this section are presented in Appendix E.

49
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Figure 6.1: Axisymmetric body without shroud.

6.1.1. Boundary Layer Analysis
The boundary layer profiles presented in this section give an insight into the aerodynamic behaviour
of the simulated cases with respect to the experimental ones. The total pressure coefficient, defined
in equation 6.1, is used to estimate the boundary layer’s physical height. Equation 6.1 is also used
to map the boundary layer profile. The axial velocity perturbation ratio u

V∞
indicates the velocity

retardation in the boundary layer, which is a relevant term in the power balance terms shown in
section 5.5.

Cpt =
pt −pt∞

q∞
(6.1)

Figure 6.2 shows the first comparison of the bare fuselage case, where the total pressure coefficient
of the flow inside the control volume is compared at x

L f us
0.91 and 0.97. These locations match the

propulsor inlet and outlet axial positions of the powered case.
The numerical and experimental data correspond well as they show similar trends with little offset.
The boundary layer height, indicated as pt

pt ,∞
= 0.99, shows a considerable difference shifting from

0.64 to 0.59 for the experimental and numerical case respectively at x
L f us

= 0.97. The difference in the

fuselage radius between the experimental and numerical geometries causes this shift in boundary
layer height, as explained in section 5.2. Since the aft section shape and sizing are the same for both
geometries, the change in boundary layer height results from the steeper slope encountered by the
flow towards the aft section in the experimental case.
Figure 6.3 compares the axial velocity perturbation component of the boundary layer for the experi-
mental and numerical bare fuselage cases. The axial velocity perturbation component is normalised
by dividing it with the free stream velocity.
Figure 6.3 shows that the numerical and experimental data coincide well. The effect of the bound-
ary layer height is still visible in this plot, but the overall shift in the mean trend line is -0.0206 in u

V∞
for the x

L f us
= 0.91 case, which is a difference of 12.74% with respect to the experimental data. At x

L f us

= 0.97 the difference between the experimental and numerical data is comparable at 16.92%.
Regarding boundary layer investigation, the numerical and experimental cases show a difference
mainly caused by the change in the boundary layer height.

6.1.2. Power Balance Analysis
The power balance terms introduced in section 5.5 are another good merit of comparison to deter-
mine how the numerical simulations performed with respect to the experimental data. In figure 6.4
the axial momentum flux is plotted against the axial location x

L f us
of the flow, where 1 depicts the tip

of the fuselage.
As a consequence of the shift in total pressure coefficient, a mean difference of 7.3% in CF x can be
observed between the numerical simulation and the experimental data at the inlet section between

x
L f us

0.9 and 0.94. The numerical data seems to be influenced by the curvature of the control volume,
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Figure 6.2: CPt boundary layer profiles of the
bare fuselage.

Figure 6.3: u
V∞ boundary layer profiles of the bare fuselage.

as shown in the region from x
L f us

= 0.93 to 0.97. The difference in the Treftz plane height is the cause

of this variation. The numerical Treftz plane reaches up to the fuselage wall, while the experimental
Treftz plane starts further from the fuselage wall due to PIV reflection issues.
Figure 6.5 displays the difference between mechanical energy flux and kinetic energy deposition
rate for both cases. The mean difference in CĖ is 0.0027, which shows that the total deposition rate
is predicted well in the simulation. The mean difference in C ε̇ is 6.3%, which can be attributed to
the same reasons as the difference in CF x .

It can be concluded that the numerical and experimental data can be compared at both boundary
layer and power balance level. The differences between the models are relatively small and can be
explained by the differences in the geometries, such as fuselage radius and span of the Treftz plane.
A recommendation is to have matching geometries in the future to generate a better analysis. The
numerical case can add to the existing data in terms of the control volume by adding information
on flow phenomena occurring in the boundary layer close to the fuselage wall.

Figure 6.4: Axial variation in CFx , bare fuselage. Figure 6.5: Axial variation in CĖ and Cε̇, bare fuselage.
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6.2. Effect of Uninstalled Fan Operation
The numerical models introduced in chapter 5 are used to study the difference between a propulsive
fuselage, where the fan operation is influenced by the incoming boundary layer and the one where
the fan operation is unaltered. The actuator volumes of the CFD simulations have been supplied
with data from the uninstalled fan test to mimic the unaltered fan operation case. In this chapter,
the thrust settings of φ= 0.5 and φ= 0.7 are used to investigate how the fan influences the propul-
sive fuselage aerodynamic flow field and power balance performance.
The setting of φ = 0.5 has been selected because it reflects the true inflow condition the fan is op-
erating in, as was established in section 4.3. The φ = 0.7 condition was selected because it is the
design condition of the fan. Examples of contour plots of the CFD simulation for the φ = 0.5 case
can be found in Appendix F.

6.2.1. Boundary Layer Analysis
The boundary layer analysis presented in this section shows the difference in boundary layer be-
haviour between the simulations and experimental data.

Figure 6.6 shows the difference between the inlet boundary layer total pressure profiles taken at
x

L f us
= 0.91. The figure shows that the inlet total pressure profile is not affected by the change in

φ setting of the propulsor. However, the numerical values do see a shift with respect to the ex-
perimental data. The boundary layer height has been reduced from Yn = 0.5867 (experimental) to
Yn = 0.5355 (numerical).
There is an overall shift in the upstream effect of the propulsor on the total pressure profile. This
shift ranges from -0.591 to -0.488 for the experimental and numerical cases, respectively.
The reason behind this variation has already been determined in section 6.1.1, due to the difference
in fuselage radius, the boundary layer height has slightly shifted.
The difference concerning the bare fuselage data presented in section 6.1.1 will be evaluated to gain
an understanding of how the experimental and numerical upstream interactions behave. Figure 6.7
shows the experimental and numerical inlet total pressure profiles for both the powered and un-
powered cases. BF denotes bare fuselage, and PF represents the powered fuselage, including the fan
setting.
The experimental data shows a shift in boundary layer height between the bare and powered case
of 14%. The shift in the numerical data is 5.7%, showing that the boundary layer height is more
prone to change in the experimental case. The interaction of the fan with the upstream boundary
layer differs as well for the two cases. In the experimental case, a mass averaged shift of 4.6% in Cpt

is measured, showing the minor influence of the fan on the boundary layer. The numerical data,
however, shows a shift of 11.7% in the total pressure profile. Moreover, the boundary layer profile
shape has been altered, mainly in the Yn 0 to 0.2 region.
In terms of total pressure distribution, the boundary layer is not affected by the fan setting. The pre-
vious can prove beneficial when analysing the inflow velocity profile to dictate which stable thrust
setting should be selected for the fan. However, the uninstalled fan operation increases the momen-
tum in the boundary layer, showing that the fan in undisturbed conditions significantly affects the
incoming boundary layer shape and intensity.

Figure 6.8 shows the inlet boundary layer comparison for the axial velocity perturbation ratio. In the
region from Yn = 0 to 0.3, there is a slight difference in axial velocity perturbation ratio due to the
fan setting. As expected, the higher φ setting has a slightly more accelerating effect on the bound-
ary layer. However, this upstream effect of 1.2% is disproportionate to the increase in blade loading
imposed on the fan (10.7%). The shift in axial velocity perturbation due to the change in fan setting
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Figure 6.6: CP t boundary layer profiles at x
L f us

= 0.91,

powered case.

Figure 6.7: CP t boundary layer profiles at x
L f us

= 0.91 in-

cluding powered and bare fuselage data.

is limited to Yn = 0.3. The previous shows that the fan influences the boundary layer only up to the
shroud onset. The flow’s hub region, up to Yn = 0.2, is affected more by the change in fan setting
than the tip region, Yn = 0.2 to 0.3. The plot shows a slight perturbation in axial velocity at Yn = 1;
this perturbation is returning to zero at Yn = 2.5.
Again, the shift with the experimental data due to the non-corresponding fuselage diameters causes
the boundary layer profiles to be compared with the bare fuselage results. Figure 6.9 shows the com-
plete inlet comparison of the axial flow data.
In both the experimental and numerical cases, the shape factor of the boundary layer decreases
due to the propulsor’s upstream influence. In the experimental setup, the shape factor shifts from
1.5 to 1.29 for the bare and powered case, respectively. In the numerical case, it shifts from 1.65 to
1.24. This decrease in shape factor can lead to lower power saving as stated by Smith [51] but leads
to more stable operation due to the less adverse pressure gradient. The upstream fan interaction
causes the boundary layer to be accelerated.
The upstream influence of the numerical propulsor is quite significant, as the velocity perturbation
ratio exceeds the experimental data by 31%. For the axial velocity, it is recommended to take the
upstream effect into account while designing the propulsive fuselage concept configuration.

Figure 6.8: u
V∞ boundary layer profiles at x

L f us
= 0.91,

powered case.

Figure 6.9: u
V∞ boundary layer profiles at x

L f us
= 0.91 in-

cluding powered and bare fuselage data.

The next part of the boundary layer analysis focuses on the outlet of the fan at x
L f us

= 0.97.
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Figure 6.10 shows the radial total pressure distribution at the shroud exit. The plot shows the ex-
pected difference in momentum added to the flow due to the change in the fan setting. The dif-
ference in total pressure due to the variation in fan setting is negligible in the viscous sublayer of
the flow. The discrepancy is minor in the hub region and increases to 6.94% at its maximum at the
location of Yn = 0.1862. This behaviour was expected since the most significant difference in blade
loading was already shown to be at 80% of the stream tube height in section 4.3, which relates to Yn

= 0.1862 in the fuselage diameter scaling. The interaction with the shroud wake is the same for both
profiles. Since the inlet profile of the boundary layer is the same for both cases, the nacelle which
is engulfed in the boundary layer sees the same acceleration over the top of the shroud, creating a
similar wake.
The comparison of the numerical and experimental data at φ = 0.5 shows the effect of the differ-
ence in the fan operation. One can see that the experimental profile experiences a reduction in
momentum addition to the flow. The overall difference in total pressure addition to the flow due
to installation is 10.9%. The tip region is most affected by the incoming boundary layer, with a re-
duction of 16.5% in maximal Cpt . The experimental data converges to the undisturbed numerical
performance in the region closest to the hub, up to Yn = 0.5. As was stated in section 4.3, the most
inboard region of the fan produced more thrust under the influence of the higher incidence angle
of the boundary layer flow.
Figure 6.10 also shows the discrepancy in boundary layer flow over the shroud. This difference is
caused by the boundary layer tripping at the shroud’s onset in the wind tunnel. The effect of the
shroud slipstream remains more or less the same for the experimental and numerical cases.
Figure 6.11 shows the variation in axial velocity perturbation ratio at the outlet position. Most state-
ments of the previous comparison of the total pressure distribution still hold. However, one can see
that the experimental profile’s shape differs from that of the numerical profiles. As stated in section
5.4, the actuator volume only adds axial momentum addition to the flow. When evaluating the ve-
locity of the flow in the axial direction, the experimental case will underperform. The decrease in
axial velocity is a combination of reduced momentum addition to the flow and the generation of
tangential velocity due to the swirl induced by the fan and rotating aft body.

Figure 6.10: CPt boundary Layer Profiles at x
L f us

= 0.97. Figure 6.11: u
V∞ boundary Layer Profiles at x

L f us
= 0.97.

The boundary layer analysis performed in this section shows the effects of the installation of a fan
on the aerodynamic flow field of a propulsive fuselage. It has been shown that the upstream flow
field is not affected by a change in the fan setting. The actuator volume does increase the upstream
interaction with the boundary layer. This interaction should be taken into account in the design
process of the fan.
This section has also shown that the installed fan case deals with a decrease in momentum addition
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to the flow. The hub region of the fan is less affected due to its operation in the high incidence angle
sub-layers.

6.2.2. Power Balance Analysis
The normalised power balance method introduced in section 5.5 will be used to quantitatively anal-
yse the effect of the fan installation on the propulsive fuselage concept.

The first term of equation 5.16 to be evaluated is the axial momentum flux distribution in the flow.
Figure 6.16 shows CFx with respect to the axial location of the flow. Three lines have been plotted,
one for the experimental data and one for both φ settings of 0.5 and 0.7. The reasoning for this se-
lection is the same as presented in the previous section.
Figure 6.16 shows that the inlet section data of the experimental and numerical simulations differ
significantly. This shift, with respect to the bare fuselage case of figure 6.4 can be explained by the
fact that the presence of the propulsor has an upstream effect on the boundary layer, in this case
increasing the drag upstream. The section spanning the outside of the shroud shows similar be-
haviour for both the experimental and numerical cases. The latter shows that the boundary layer
height may influence the radial distribution of axial velocity and total pressure around the shroud
but only slightly increases the drag.
From x

L f us
= 0.97 onward, the effect of the propulsor on the jet stream becomes visible. The thrust

delivered by the numerical propulsor exceeds the experimental propulsor by at least 332%. This
large increase is caused by the experimental data operating at a very low thrust. In the numerical
case, the thrust present in the wake also dissipates less strongly than in the experimental case.
The difference between the two thrust settings in the numerical simulations is as expected, with a
difference of 10.2%. The main reason for the significant increase in axial momentum thrust in the
numerical case is that the propulsor only adds axial momentum to the flow, while the experimental
propulsor deals with a large amount of swirl and vortex formation in the wake. The previous shows
that for a boundary layer ingestion case, one should carefully look at the design of the stator vanes
as well as other methods to avoid vortex formation.

The next term of equation 5.16 to evaluate is CĖ or the total kinetic energy deposition rate. As shown
in equation 5.18, the deposition of kinetic energy can be divided into four groups. The four groups
are the axial, radial, and tangential deposition rate and pressure work.
Figure 6.13 shows the axial deposition rate of equation 5.19. This deposition rate is always positive,
except when flow reversal occurs [38]. The numerical cases deposit more axial kinetic energy into
the flow closer to the fan inlet. The stronger upstream interaction of the fan with respect to the ex-
perimental case causes the increased axial deposition rate.
In the shroud section, no significant changes are identified. Behind the shroud, a large difference
can be found in the propulsive jet. The curvature of the fuselage body influences the axial deposi-
tion of kinetic energy in the flow in both cases. The mean increase in axial kinetic energy deposition
rate of the φ= 0.5 case with respect to the experimental case is 306%, which is in the same range as
the increase in axial momentum flux.
The difference between the two numerical fan settings is 16%, and thus more than the increase in
axial momentum flux. The comparison of CĖa

in the jet stream shows that with an increase of CFx ,
the axial deposition axial kinetic energy deposition rate does not behave linearly with the change of
axial momentum. The behaviour of CĖa

is also influenced by the curvature of the aft body.

Figure 6.15 shows the axial variation of the radial kinetic energy deposition rate or CĖr
, equation

5.20, in the numerical and experimental cases. The inlet section of the graph shows the increased
upstream effect the uninstalled fan performance has on the flow, in this case increasing the radial
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deposition of kinetic energy by 47% at x
L f us

0.91 with respect to the experimental data. There is a

small shift between the two thrust settings, with a comparable difference to the increase in axial
momentum flux at 8.9%.
This behaviour shows that the upstream effect of the ideal propulsor seems to behave quite linearly.
The radial kinetic deposition rate is similar in the experimental and numerical cases, both in the
shroud and jet wake regions. Most of the radial kinetic energy deposition into the flow is caused
by the curvature of the streamlines induced by the shroud or fuselage. Therefore, the momentum
excess of the numerical cases causes a slight increase in radial kinetic energy deposition rate.

The last of the deposition rates to discuss is the tangential kinetic energy deposition rate, CĖt
. Fig-

ure 6.15 shows the experimental and numerical data derived from equation 5.21. No tangential
kinetic energy deposition occurs for both cases in the inlet and shroud section of the plot. The latter
because no rotation has been introduced to the flow. However, the tangential kinetic energy depo-
sition is very high in the jet stream of the experimental case. The fan has added the rotation in the
jet stream because no stator vanes were used in the experimental setup. The increase in tangen-
tial kinetic energy deposition rate over the aft body in the experimental data is created because the
aft cone is rotating, contributing as an energy source to the system. The actuator volume does not
introduce this rotation and thus does not contribute to the tangential kinetic energy deposition rate.

The total mechanical power outflow from equation 5.16, and the total kinetic energy deposition rate,
have been mapped in figure 6.17. Therefore, the comparison in this plot gives a good indication of
where losses occur in the propulsive fuselage concept.
The first term to evaluate is CĖ , which is the summation of the previously discussed disposition
terms and is equal to the mechanical power output of the flow minus the axial momentum flux.
This term consequently shows the losses within the system. The larger the summation of CĖ , the
less boundary layer ingestion benefit can be achieved. Figure 6.17 shows that the inlet section cre-
ates some losses which, as previously discussed, are induced by the upstream interaction of the
fan with the boundary layer which increases CĖa

, CĖr
, and CĖp

. The cumulative losses in the inlet
section are dependent on the fan; the uninstalled propulsor has a larger upstream effect, thus in-
creasing the kinetic energy deposition rates with respect to the experimental case.
As expected, the total shroud losses are small and do not differ between the experimental and nu-
merical cases. The difference in CĖ between the numerical and experimental data is 12.8% for the
φ= 0.7 case at x

L f us
= 0.96, and only 0.8% for the φ= 0.5 case. The kinetic energy deposition rates of

the uninstalled propulsor and experimental case are thus similar at the outlet of the φ = 0.5 cases.
The decomposition of the contributing factors, however, differs. In the experimental case, the tan-
gential kinetic energy deposition rate is the main contributor due to the absence of a swirl recovery
system. At the same time, the numerical terms are raised by the momentum excess present in the
flow.
Figure 6.17 shows that uninstalled fan operation reduces the losses in the system, mainly due to
an absence of the fan and aft body rotation induced swirl. However, the fan setting does affect the
amount of kinetic energy deposited into the flow. The losses in the φ= 0.7 case are 15% higher than
in the φ = 0.5 case. The increase in axial kinetic energy deposition rate is the main contributor to
this difference.
Figure 6.17 also maps the total mechanical power output in the flow, C ε̇. The inlet and shroud sec-
tions C ε̇ again behave very similarly in both the numerical and experimental case. In the propulsive
jet, a discrepancy can be found due to the increase in CFx . The mean difference between the experi-
mental and numericalφ= 0.5 cases amounts to 107%. The difference due to the fan setting is 11.5%.
The comparison of C ε̇ clearly shows that in total more mechanical power is added to the flow due
to the uninstalled fan operation, and the energy in the flow is more evenly distributed than in the



6.2. Effect of Uninstalled Fan Operation 57

experimental case. Turning back to figures 6.16 and 6.15, one can see that most of the energy output
is related to the tangential deposition rate, thus creating a less even curve. The sharp decrease in
C ε̇ for the experimental case in the wake shows that most of the energy in the flow is being deposited.

As stated earlier, CĖ and CFx give an indication of the boundary layer ingestion benefit. Figure 6.18
shows a representation of the terms of equation 5.16, evaluated behind the trailing edge of the fuse-
lage. This comparison indicates how the evaluated cases perform with respect to each other at the
onset of the fuselage wake at x

L f us
= 1.05.

The presented data indicates that drag is generated in the fuselage wake of the experimental case.
For both numerical cases, a momentum excess is produced. However, the kinetic energy dissipa-
tion terms are much lower. The fraction of the total mechanical power dissipated in the wake will
be used to compare the performance of each case, CĖ

C ε̇
. For the experimental case, this leads to a per-

centage of -110% because drag has been generated, lowering the total available power in the flow.
The values for the numerical φ = 0.5 and φ = 0.7 cases are 20.3% and 21.2% respectively, showing
that the lower thrust setting is slightly more efficient.
The latter is supported by an analysis of the propulsive jet of the bare and powered cases. The nu-
merical data adds 57% more mechanical power output to the flow due to the momentum excess.
However, the kinetic energy deposition rate is reduced by 27%, showing that the operation is much
closer to the bare fuselage’s ideal boundary layer ingestion operation.

It can be concluded that the main effect of the uninstalled propulsor is the increase of axial momen-
tum addition with a decrease in total kinetic energy deposition rate. The absence of kinetic energy
deposition primarily causes the decrease of the total kinetic energy deposition rate. Moreover, an
increase in axial kinetic energy deposition was observed because of the momentum excess in the
propulsive jet. Another observation is that the fan significantly influences the inlet section of the
propulsive fuselage concept, increasing upstream deposition rates.
The reduction in axial momentum added to the flow in the experimental case can be attributed
to the reduced aerodynamic performance of the and fan scaling of the numerical case. The losses
caused by the reduced fan performance have a smaller contribution than the losses due to the swirl.
The propulsive fuselage with the uninstalled propulsor input itself is most efficient at a lower thrust
setting. In the numerical cases, the flow’s axial kinetic energy deposition rate plays the most promi-
nent role.

Figure 6.12: Axial variation of axial momentum flux CFx .
Figure 6.13: Axial variation of axial kinetic energy deposi-
tion rate CĖa

.
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Figure 6.14: Axial variation of radial kinetic energy
deposition rate CĖr

.
Figure 6.15: Axial variation of tangential kinetic energy de-
position rate CĖt

.

Figure 6.16: Axial variation of pressure work CĖp
. Figure 6.17: Axial variation of total mechanical power

output,Cε̇ and total kinetic energy deposition CĖ .

Figure 6.18: Evaluation of composition of the total mechanical power output to the flow at x
L f us

= 1.05.



7
Conclusions & Recommendations

The final chapter of this report will focus on the conclusions of the performed thesis work and rec-
ommendations for further research. The first section will answer the research question and sub-
questions. Section 7.2 presents a summary of the observations supporting the conclusions of sec-
tion 7.1. The last section, 7.3, will cover lessons learned and recommendations for those who wish
to investigate fan installation in boundary layer ingestion concepts.

7.1. Conclusions
This research has investigated the effects of the interaction between a fan and a propulsive fuselage.
Use was made of two sub-questions to answer the research question.
The first sub-question which has been answered is; ’How does the incoming boundary layer influ-
ence the fan’s inflow conditions and its addition of work to the flow?’. The performed research has
shown that the main effect of the boundary layer on the fan’s inflow condition is the shift of the fan
operating point and the introduction of a non-uniform inflow condition. The work addition to the
flow has been affected by an overall decrease in blade loading (-2.2%) at the operating point, with
an increase in blade loading in the hub section (4.8%).
The second sub-question is; ’How does the fan operation influence both the boundary layer and
propulsive jet of the propulsive fuselage concept?’. Changes in the uninstalled fan operating point
cause little to no shift in upstream boundary layer interaction. Moreover, the change in operat-
ing point caused an increase in axial momentum flux in the propulsive jet (10.2%), resulting in
higher axial kinetic energy deposition (16%) and pressure work (8.3%). The uninstalled fan oper-
ation causes a considerable drop in kinetic energy deposition rate in the propulsive jet compared
to the wind tunnel operation(-27%). Furthermore, the numerical case increases total mechanical
power output into the flow with 57% compared to the experimental case.

The research question can be answered by combining the previous sub-questions and observations
made in this chapter. What effect does the flow interaction between a fan and a propulsive fuselage
concept have on their respective aerodynamic performance? The main effects resulting from the flow
interaction between the fan and propulsive fuselage are;

• The fan has a significant upstream influence on the axial velocity component decreasing the
boundary layer’s shape factor and changing the fan’s operating point.

• The fan’s upstream influence varies with its momentum addition to the flow, increasing drag
and kinetic energy deposition rates upstream of the fan.
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• The incoming boundary layer imposes a non-uniform inflow condition on the fan, shifting
the fan’s operating condition and lowering the blade loading.

• The boundary layer’s inboard region significantly increases blade loading in the fan’s hub sec-
tion.

• A momentum excess disproportionately increases the axial kinetic energy deposition rate and
increases pressure work in the propulsive jet of the propulsive fuselage concept.

• The increase in total kinetic energy deposition rate is mostly influenced by tangential and ax-
ial components, which are affected by the difference in installed or uninstalled fan operation.

Concluding, the fan is indeed affected by the incoming boundary layer. The consequences are, how-
ever, minor in low-speed operation. The fan operation, in its turn, influences the boundary layer
and propulsive jet. Upstream influences have to be taken into account while optimising the fan.
Furthermore, the jet wake should be monitored closely to reduce kinetic energy deposition caused
by momentum excess.

7.2. Observations
This thesis was split into two main parts to answer the research question, ’What effect does the flow
interaction between a fan and a propulsive fuselage concept have on their respective aerodynamic
performance?’. The first part investigates the effect of the flow interaction between the fan and the
propulsive fuselage concept. The second is the study of uninstalled fan operation versus installed
fan operation on the propulsive fuselage concept performance.

Uninstalled Fan Test Rig
An uninstalled fan test rig has been developed to compare the behaviour of the fan under the influ-
ence of uniform and non-uniform inflow conditions. The uninstalled fan has been compared to its
numerical design; this led to the following observations:

• The fan test rig functioned properly in its constant area duct configuration.

• The flow entering the fan and leaving the fan are both axisymmetric.

• The design blade loading was achieved at a higher flow coefficient (5.36%).

• The non-uniform distribution of the swirl angle caused the accuracy of the pressure measure-
ments to decrease.

• The CFX turbo simulation with k −ω SST solver underpredicted the stall margin of the fan.

Effect of Installation in a Propulsive Fuselage
The effect of installation in a propulsive fuselage concept on the fan performance has been studied
by comparing the installed and uninstalled fan data. Comparison of the radial distribution of the in
and outflow parameters resulted in the following observations:

• Installation in a propulsive fuselage concept causes the fan operation point to drop from φ=
0.7 to φ= 0.5.

• Comparing at φ= 0.5, the mass average blade loading drops by 2.2%.

• Comparing at φ = 0.5, the inboard section of the blade experiences a rise of 4.78% in blade
loading.
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Effect of Tail Installation
The effect of an incoming wake on the fan performance has been investigated by placing a NACA
0012 airfoil upstream of the fan in the uninstalled fan test rig. The following observations originate
from this investigation:

• The NACA 0012 tailpiece created a wake that does not represent the wind tunnel installed tail
wake.

• The total pressure downstream showed no significant variation caused by the incoming tail
wake.

• The high local increase in blade loading (109.6%) resulted from the drop in total pressure
upstream of the fan combined with a constant total pressure downstream of the fan.

• Further investigation of the total pressure downstream of the fan is needed to determine the
effect of the wake on the fan blade loading.

Numerical Setup
The second part of this thesis investigated the effect of the fan operation on the propulsive fuselage
concept performance. The latter investigation used the uninstalled fan data as actuator volume
input for numerical simulations. The following observations describe the design of the model:

• A high-quality mesh has been generated to perform simulations (+ 30 million elements).

• A prism layer of y+≤ 1 was used for boundary layer refinement.

• The Spalart-Allmaras turbulence model performed best in the sensitivity study.

• Verification of normalisation methods was successful.

• The bare fuselage behaviour has successfully been validated with experimental data.

Boundary Layer Analysis
An actuator volume was implemented in the simulations, which used data from the uninstalled fan.
This actuator volume is used to assess the effect of the fan operation on the propulsive fuselage per-
formance. The experimental data taken at φ= 0.5 and the numerical data at φ= 0.5 and φ= 0.7 has
been used for both the boundary layer and power balance analysis. In this way, the difference in
performance between installed and uninstalled fan operation could be compared at different oper-
ating conditions. The following observations are a result of the boundary layer analysis performed
on the gathered data:

• The uninstalled fan increases the upstream total pressure by 11.7%. This shows a rise in up-
stream influence compared to the installed case where the increase was 4.6%.

• A decrease in boundary layer shape factor was observed, with a more substantial decrease in
the numerical case.

• An increase in upstream axial velocity perturbation of 31% was observed in the uninstalled
case compared to the experimental case.

• The uninstalled case has increased the total pressure addition by 10% compared to the in-
stalled case.

• Inboard the installed fan, an increase in momentum addition was observed.
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Power Balance Analysis
Following the boundary layer analysis, the same cases described in the previous section are used in
the power balance analysis. The power balance analysis of the flow showed a qualitative analysis
of the propulsive fuselage performance for the numerical and experimental cases. The percent-
age deltas are high in the propulsive jet because the reference case is close to zero. The following
observations resulted from this analysis:

• The axial momentum flux increased by 332% while comparing the numerical data to the ex-
perimental data in the propulsive jet.

• An increase in the upstream influence of the uninstalled fan was observed, for example, through
the increase of radial kinetic energy deposition of 47%.

• Comparison of the delta between the bare and powered configurations for the installed and
uninstalled data showed that the uninstalled case deals with an increase of 57% in total me-
chanical power output into the flow while reducing the total kinetic energy deposition rate by
27%.

• Variation of the flow coefficient shows non-linear behaviour where an increase in momentum
excess results in a higher increase in axial kinetic energy deposition rate.

7.3. Recommendations for Future Research
The research presented in this thesis has contributed to the knowledge available on the interaction
effects between the boundary layer and boundary layer ingesting fan and the effect of fan perfor-
mance on the propulsive fuselage concept performance.
In the following, practical recommendations on the experimental and numerical methods and phe-
nomena that could be studied in future research will be given.

Recommendations for further research on uninstalled fan rig testing:

• Measurements have been less accurate due to the use of an individual pitot probe. In future
research, a five-hole pitot probe should be used.

• Measurements proved to be slowed down by using a manual traversing system. In terms of
accuracy and efficiency, it is recommended to use an automatic traversing system

• Due to time limitations, no use was made of PIV for the fan test rig. In order to gain more
insight into the flow’s three-dimensional behaviour, it is recommended to include this mea-
surement technique in future research.

• For recording the rotational speed of the fan, the MGMpro monitoring tool was used. This
program tends to terminate during operation, which wastes precious measuring time. It is
recommended to use a laser or encoder to record the rotational speed.

• For the data retrieved in the experiment of B. Della Corte [17] it is recommended to map the
total pressure of the flow field near the fuselage with a five-hole pitot probe. The missing data
could prove beneficial in further understanding why the fan performance is increased in the
hub section.

• For the tail wake investigation, the total pressure in the flow should be monitored closer to
the trailing edge of the fan. This can help identify the actual effect of the wake on the fan and
eliminate any influences of wake filling.
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The second set of recommendations follows from the second part of the thesis, which focused on a
numerical model of the propulsive fuselage concept with isolated fan input.

• Since swirl is the main factor of loss in the experimental setup, it would be helpful to expand
the actuator volume model with an introduction of swirl to perform a modular study of the
different loss sources in greater detail.

• As stated in the introduction of this report, the aim was to qualitatively investigate the flow
interactions between the propulsive fuselage and the fan. It is recommended to scale the
simulations to full flight conditions to investigate the propulsive fuselage performance quan-
titatively.

• The upstream fan interaction has proven to be influenced by fan performance. It is recom-
mended to research how the fan operating condition can be determined, which also influ-
ences the inflow condition.





A
Uninstalled Fan Performance in a Constant

Diameter Duct

With the experimental setup introduced in chapter 3, multiple campaigns have been run to investi-
gate the uninstalled behaviour of the fan in order to be able to compare it to the installed behaviour
measured by B. Della Corte. In this appendix, the results of measurements with the constant diam-
eter tube setup as presented in chapter 3 will be discussed.

A.1. Fan Behaviour
A fan behavioural map of the setup is shown in figure A.1. The coloured lines on the map display
the different area settings of the variable exit. The black lines show the speed lines, indicating that
the line represents a constant rotational speed setting. In a typical fan map, an example can be
found in the work of Hünecke [29], one would expect to see a decrease in pressure ratio while the
corrected mass flow is increasing. Hence, the work delivered by the fan reaches an optimum to then
decrease with increasing flow capacity. A somewhat diverging solution is found in the experimental
data instead of identifying a clear optimum in the graph. All which can be said is that the divergence
intensity seems to reduce slightly while a lower rotational speed of the fan is being used.

To further investigate where the unusual behaviour of the presented map comes from, a non-dimensional
fan characteristic map has been created, as is shown in figure A.2. The non-dimensional data allows
for a better comparison of this case with that of S. Tambe et al. [55] and simulations performed by B.
Della Corte. The fan performance in figure A.2 is displaying the same behaviour as found in figure
A.1, but now the concave trend line is more explicit.
Note that this graph only shows the speed trend line and that there is hardly any influence of the
change in rotational speed on the solution, as expected when normalizing the solution. Only when
the nozzle exit is fully open a change can be observed in the form of a higher uncertainty margin.
The latter fluctuation could be induced by improper positioning of the exit nozzle during the exper-
iment, which is supported by the fact that this is the only data point with considerable fluctuation
in the flow coefficient, namely 3.48%.
Comparing figures A.2 and A.3 shows that the design operating conditions of the fan were not
reached throughout the achievable mass flow range of the experiment. Both the flow coefficient
and blade loading coefficient prove to be much lower than the design indicated. The maximal flow
coefficient reached was 43% lower than the design point. The design blade loading coefficient has
been reached; however, since the flow coefficient seems to go into hysteresis at the values where
higher pressure rise coefficient values are used, these results will not be considered in the compari-
son.
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Figure A.1: Initial uninstalled fan test rig compressor map.

A side note is that in a simulation, one can force the mass flow to a pre-defined quantity, whereas
in the experiment, the fan needed to create this by operating in favourable conditions. The fan was
not able to reach the required flow coefficient, which can be the cause of the unexpected low blade
loading coefficient as seen in equations 3.4, 3.10 and 3.11.

Figure A.2: Normalized fan performance map of uninstalled
fan test rig.

Figure A.3: Normalized fan performance map CFX data
(Personal communication B.Della Corte).

A.2. Flow Symmetry
As indicated in section 3.3, static pressure ports have been used to monitor symmetry in the flow at
stations 1 and 3 at three azimuthal positions, see figure 3.6. This check was only performed at the
φ= 0.4 or open exit area condition, assuming that the behaviour remained constant throughout the
experiment. In figure A.5 the results of the comparison at station 1 are shown. It can be seen that
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the ∆Ps,w all changes with varying flow coefficient; however, the azimuthal location at which it is
measured does not have an effect. The highest measured difference is 2% between position 1 and 2
at 90% of the maximal rotational speed, which is well under the 5% experimental margin, and thus
the behaviour upstream in the tube at this condition can be deemed symmetric.
In figure A.6 the same comparison as before is made, but now the static pressure ports downstream
of the fan are considered. One can immediately see that position 1 is showing an offset with respect
to stations 2 and 3. Here the most significant gap is found at a 95% RPM setting where a 33.87%
difference was found. Table A.1 shows a quantification of the plots presented.
First, it was suggested that the pressure port was malfunctioning due to not being precisely flush
with the wall. However, the cause is probably inherent to the system since the values remained the
same after fixing the port.
As shown in figure A.4, multiple downstream components can create stall cells, such as the struts
and the electrical drive cable hub. This stall can lead to a flow blockage with upstream effects, which
are picked up by ports b and c. These points are near the blockage’s vicinity and located an equal
distance away from the disturbance. Since port ’a’ is positioned opposite of the disturbance, likely,
it does not deal with the same flow disturbance as ports b and c. It is thus clear that the flow down-
stream is not symmetrical as was expected.

Figure A.4: Illustration of downstream stall cell.

Axial Location RPM [%] a/b [-] a/c [-] c/b [-]

Upstream 95 1.0167 1.0088 0.9922
Upstream 90 1.0200 1.0100 0.9902
Upstream 85 1.0153 1.0106 0.9954
Upstream 65 1.0140 1.0138 0.9999
Downstream 95 0.6989 0.6613 0.9462
Downstream 85 0.7096 0.6707 0.9452
Downstream 65 0.7153 0.6769 0.9464

Table A.1: Difference in wall static pressure at various RPM settings.



68 A. Uninstalled Fan Performance in a Constant Diameter Duct

Figure A.5: Variation of static wall pressure at station 1. Figure A.6: Variation of static wall pressure at station 3.

A.3. Velocity Triangles

The velocity diagrams of the actual experiment have been compared to those of the design case to
understand better the fan’s behaviour in the previous two sections. The design case has a mass flow

rate of 0.149 kg
s with an RPM of 16600. Note that the design case has a constant nacelle diameter

equal to that of the hub and a constant tube diameter..
The velocity diagrams have been constructed with the help of basic geometric equations and the
assumption that the tangential velocity of the blade is constant at the leading and trailing edge of
the blade and that the axial velocity remains constant [18].
The comparison here mainly focuses on the inlet conditions since all relevant data was available
from the experiment and the computational design. The calculations are performed at three differ-
ent blade heights ranging from hub to tip, namely at 25%, 50%, and 75% blade height. The latter is
essential to differentiate the behaviour of various blade sections since the blade is highly twisted.

In tables A.2, A.3, and A.4 a comparison is shown of the inlet data of multiple experimental mea-
surement points with respect to the design case. The results show that the fan is not operating at an
optimal inflow angle, indicating that the blade has stalled.
From the retrieved data, one can deduce that the fan’s RPM setting has little effect on the change
in blade inflow angle, max 0.96 degrees at φ = 0.4 and radial position 0.25. The effect of the RPM
setting on the blade angle is higher for a higher flow coefficient.
The setting of the variable exit does have a considerable effect on the change in inflow angle, max
22.03 degrees at RPM setting 0.9, blade height 0.25, andφ= 0.28. The relation between the increased
inflow angle and the variable exit setting leads to more evidence that the insufficient amount of mass
flow leads to unfavourable behaviour, in this case, blade stall.

N [%] 0.7 0.7 0.7 0.9 0.9 0.9
Blade Height [%] 0.25 0.5 0.75 0.25 0.5 0.75

β1 [◦] 63.69 68.84 72.05 62.73 67.94 71.39
∆β1 [◦] +15.6 +13.82 +12.18 +14.64 +11.52 +11.52

Table A.2: Difference in inflow angle for φ= 0.4.
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N [%] 0.7 0.7 0.7 0.9 0.9 0.9
Blade Height [%] 0.25 0.5 0.75 0.25 0.5 0.75

β1 [◦] 68.09 72.54 75.37 67.95 72.53 75.38
∆β1 [◦] +20 +17.52 +15.5 +19.86 +17.51 +15.51

Table A.3: Difference in inflow angle for φ= 0.32.

N [%] 0.7 0.7 0.7 0.9 0.9 0.9
Blade Height [%] 0.25 0.5 0.75 0.25 0.5 0.75

β1 [◦] 70.12 74.02 76.76 70.06 74.06 76.85
∆β1 [◦] +22.03 +19 +16.89 +21.97 +19.04 +16.98

Table A.4: Difference in inflow angle for φ= 0.28.

A.4. Discussion of Results
In order to explain why the plots from figure A.2 and A.3 differ so much, figure A.7 from the work of
Uddin and Gravdahl [56] can be consulted. The behaviour of the fan used in the experiment seems
to display the same trend as the operating conditions of the unstable regime presented in the latter
figure.
Even though the unstable behaviour has not been detected during the experimental campaign, the
previous sections provided evidence that supports that the suboptimal operation regime was in-
deed the cause of the unexpected behaviour of the data.

Figure A.7: Fan map including unsteady regime [56].

In the original test plan, PIV would be used to identify the swirl behaviour needed for the actuator
disk model. The calibration of the PIV was successful. However, most of the tracer particles ended
up sticking on the wall, as shown in figure A.8, this caused the PIV results to be useless. Pictures of
the phenomena were taken for further research to discover how the flow behaved. Figure A.8 shows
a ’rim’ of fluid congregating upstream of the fan. A closer look at the streamlines on the tube shows
that the flow on the tube wall was reversed. The reversal was present up until the upstream location
of the ’rim’. The occurrence of this rim can indicate the tip stall of the blade, the upstream location
of the rim changes with the setting of the variable exit. At the φ= 0.4 condition, the rim is closest to
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the fan at about 2 cm upstream of the fan. While reducing the flow coefficient by closing the vari-
able exit, the rim moves away from the fan. At a flow coefficient of φ = 0.28, it touches the trailing
edge of the second set of upstream struts. The response of the rim to the mass flow reduction adds
to the conclusion that a higher mass flow is needed to be able to get into the stable operating regime.

Figure A.8: Indication of flow reversal upstream of the fan.

Since it can be concluded that the fan has been operating in unstable conditions only, no other re-
sults will be presented since they will not contribute to further answering the research question. A
second research campaign will have to be executed to retrieve the required data.
The test setup needs to be modified in order to reach the needed flow coefficient. In order to do so,
the cause of the flow blockage needs to be identified.

A few recommendations are presented here to relieve the effects of blockage.
The first recommendation is to reduce the tube length of the setup. Since pressure losses in a pipe
scale with its length and diameter as is shown in the Darcy–Weisbach equation A.1, it might be wise
to reduce any unnecessary losses in the system. Here, λ is the friction coefficient of the material,
L is the length of the tube, and D is the diameter. Other quantities include the density ρ and axial
velocity Vx .

∆p =λ L

D

ρ

2
V 2

x (A.1)

The second recommendation is to remove stall cells created by the downstream support struts.
Since there are no stator vanes in the setup, the outgoing flow will be swirled. Since the support
struts are placed at a zero-degree angle of attack with respect to the hub, the flow is coming into the
strut at a very high inflow angle, namely 20 degrees. Aligning the strut with the flow can reduce or



A.4. Discussion of Results 71

remove the blockage caused by is stall cell. New struts have been 3D printed on the resin printer
mentioned in section 3.2, thus having good surface quality. The struts are printed to fit a 20-degree
angle of attack position with respect to the nacelle. The hub and tube curvature have been consid-
ered while printing to reduce tip or hub losses induced by the strut.
The third recommendation is closely related to the second. If recommendation two is deemed suc-
cessful, removing the support strut altogether might be beneficial if the system’s structural integrity
allows for it. Removing the strut altogether would reduce any flow blockage caused by the strut, thus
increasing the performance even more.

The last recommendation is to either reduce the nacelle area or increase the tube area downstream
of the fan. This is because the flow is now being pushed through a converging duct. The previous
leads to a contraction of streamlines and thus causes the flow to accelerate downstream of the fan.
If the streamlines can remain constant, the effective area which can be varied is more extensive,
leading to a broader range of flow coefficients that can be reached.
Decreasing the nacelle diameter will prove to be difficult since it sits tightly around the motor and is
already sized to its minimum. Moving the motor more aft of the fan will be complex since the shaft
extension will become too long, inducing the need for more bearings to reduce vibrations. It thus
seems more feasible to enlarge the duct downstream of the fan. This could be done with a connec-
tor piece with the same slope as the nacelle. It expands to a duct with a diameter that will leave the
same area for the flow to go through upstream. Said connector pieces can be manufactured from
aluminium or can be 3D printed to save time and money.

In the second campaign which has been run, the recommendations mentioned previously have
been implemented. Figure A.9 shows the result of the maximal reached flow coefficient of each of
the proposed design changes.
The figure shows that the reduction of the tube length does not have a favourable effect on the flow
coefficient. The assumption that friction losses are the cause of the reduction of mass flow is proved
wrong. The shorter tube length probably caused blockage effects near the exit to be increased a bit
due to the struts being closer to the exit.
The effect of tilting and removing the strut can be found on points 3 and 4. Where an increase in
flow coefficient of 49.92% is reached. The assumption that the presence of the strut caused a large
part of the flow blockage was correct.
The last recommendation is shown in point 5; increasing the effective trough flow area increases the
flow coefficient by another 14.46%.

From the previous results, it can be concluded that configuration 5 is the optimal configuration. The
mass flow has been increased by removing the cause of downstream flow blockage with the increase
of effective duct area.
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Figure A.9: Improvement in maximum achievable flow coefficient per recommendation.
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Isolated Fan Test Rig Schematics
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C
Enclosure Geometry

Figure C.1: Enclosure Inlet [mm].

Figure C.2: Enclosure Side View [mm].
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D
CFD Solver inputs

D.1. Default constants Spalart - Allmaras method
cb1 =0.1355
σ = 2/3
cb2 = 0.622
k = 0.41
cw1 = cb1 / k + (1+ cb2 )/ σ
cw2 = 0.3
cw3 = 2
cv1 = 7.1
ct1 = 1
ct2 = 2
ct3 = 1.1
ct4 = 2
g t = mi n(0.1, ∆U

ωt
∆x)

D.2. Default constants k −ω SST method
σk1 = 0.85
σω1 = 0.5
β1 = 0.0750
a1 = 0.31
β∗ = 0.09
k = 0.41
γ1 = β1

β∗ − σω1 k2
1p

β∗

D.3. Default constants improved k −ωmethod
vt = k

ω

β8 =β∗
0 fb

β=β0 fβ
fβ = 1+70χω

1+80χω

χω = |Ωi jΩ j k Ski

(β∗
0ω)3 |

χk = 1
ω3

δk
δx j

δω
δx j
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78 D. CFD Solver inputs

fβ∗ =
1 if χk ≤ 0

1+680χ2
k

1+400χ2
k

if χk ≥ 0

α= 0.52
β∗

0 = 0.09
β0 = 0.072
σ∗ = 0.5
σ= 0.5
F1 = t anh(ar g1)

ar g1 = mi n
[

max(
p

k
0.09ωy , 500ν

y2ω
), yρσk

C Dkωy2

]



E
Normalization Verification

Figure E.1: Difference due to normalization in CPt , bare
fuselage.

Figure E.2: Difference due to normalization in CĖp
, bare

fuselage.

Figure E.3: Difference due to normalization in CĖ and Cε̇,
bare fuselage.

Figure E.4: Difference due to normalization in CĖa
, bare

fuselage.
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F
Numerical Flow Visualization

Figure F.1: Contour plot of u
V∞ at φ= 0.5.

Figure F.2: Contour plot of Cpt at φ= 0.5.
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