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Abstract

This thesis experimentally assesses the benefit of Boundary Layer Ingestion (BLI) at the unaccelerated
condition (thrust equals drag) of an integrated system in an industrial wind tunnel setting. The boundary
layer or wake flow of the fuselage is ingested by the propulsor. Previous research shows that ingesting
the boundary layer can lead to beneficial savings in terms of power compared to a compared to a non-
BLI propulsor. Traditional thrust-bookkeeping methods are not suitable for BLI systems because of the
ambiguity between thrust and drag of BLI systems. In order to analyse the performance of such integrated
systems the theoretical framework developed by Mark Drela is used: the Power Balance Method (PBM).
Furthermore, the classical definition of propulsive efficiency, also named "Froude" efficiency, is not valid
for these systems, thus a relatively new propulsive efficiency definition is used.

The wind tunnel tests were carried at the Low Speed Wind tunnel (LST) from the German-Dutch Wind
tunnels (DNW) located in Marknesse. Four different configurations were tested in the wind tunnel: i)
isolated propulsor, ii) isolated propulsor including an upstream strut, iii) BLI configuration and iv) Wake
Ingestion (WI) configuration. The isolated propulsor, simply a propulsor in free-stream flow, is used
as a reference to compare with the BLI system. The unaccelerated condition at which these systems
were tested is at Mach number M = 0.176. The mechanical flow power, jet dissipation and propulsive
efficiency are quantified experimentally by using a five-hole probe. Other relevant physical parameters
are also measured such revolutions per minute (RPM), thrust and body drag. The designed fuselage is
axisymmetric simplifying the measurements and computations.

The results from the experiment reveal that BLI systems have power savings around 29% + 2.9% when
using the electrical power as a reference compared to the non-BLI system. For WI the power savings are
slightly lower 24% + 2.9%. Moreover, the power savings have also been computed using the mechanical
flow power, but a larger variance has been observed in the results from 29.25% up to 56.27% for the BLI
case. The flow specially at the outlet plane is shown to be asymmetric between the starboard and port
sides. Furthermore, the jet dissipation decreases up to 78% compared to a non-BLI system. The slow
moving wake flow of the fuselage is re-energized leading to a decrease in jet dissipation. The propulsive
efficiency increases between 8% to 10% for both BLI and WI configurations compared to the free-stream
propulsor.
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Nomenclature
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AFC  Active flow control
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CFD Computational fluid dynamics
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Nomenclature
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E, Wake streamwise kinetic energy deposition rate
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No Overall efficiency
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\% Flow velocity
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®,.¢  Jet dissipation

p Air density

Poo Air density at free-stream

Cpp

Non-dimensional electric power
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Cp,  Non-dimensional mechanical flow power
Cy Non-dimensional net streamwise force
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F, Net streamwise force
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M Mach number
My ~ Mach number at free-steam
D Static pressure
Poo Static pressure at free-stream
Py Mechanical flow power
Ps Propulsive shaft power
Pt Total pressure
Py Net pressure-volume power
Ptoo  Total pressure at free-stream
Re Reynolds number
Srey  Reference area
Tprop Thrust of the propulsor
u,v,w Flow velocity perturbations
o Free-stream flow velocity
%1% Aircraft weight
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Chapter 1

Introduction

N 2018 around 4 billion passengers flew to their destinations, the International Air Transport Association
I (IATA) claimed that the amount of passengers is estimated to double in 2037. (International Air
Transport Association, 2018). With the steady rise in number of passengers, it is expected from the
aviation industry to manufacture more efficient and quieter aircraft. For the past few decades, there is a
steady decline in fuel consumption in the aircraft industry due to several reasons, e.g. by increasing the
bypass ratio of turbofan engines, new innovative materials etc.

New research is focusing on propulsion integration. Propulsion integration refers to the interfaces of
aerodynamic, structural and other subsystems(hydraulics, electrical, control etc.) between engine and
airframe. Nowadays the traditional aircraft configuration is the tube and wing, where the engine is
mounted on a pylon. The reason to mount the engine on a pylon is to minimize the effects between
the airframe and engine so that the engine has its own aerodynamic characteristics and performance,
independent of the aircraft’s body. In order to meet the N + 3 goals proposed by NASA several new
designs are being proposed such as distributed propulsion systems, hybrid propulsion etc. (Commit-
tee on Propulsion and Energy Systems to Reduce Commercial Aviation Carbon Emissions, Aeronautics
and Space Engineering Board, Division on Engineering and Physical Sciences, & National Academies of
Sciences, Engineering, and Medicine, 2016)

Boundary layer ingestion (BLI) is a possible solution for aircraft to become more efficient. Boundary
layer ingestion aims to reduce the power consumption and increase the efficiency of the aircraft. The
BLI technology has been already investigated for marine propulsion since the 1950s, e.g. in torpedoes
(L. H. Smith, 1993). However, unlike for conventional aircraft configurations the thrust and drag cannot
be differentiated anymore. This is due to the coupling between the fuselage and engine. This is depicted in
Figure 1.1. One can observe on the left hand side (LHS) the uncoupled system, where thrust and drag are
clearly defined. On the other hand, in Figure 1.1b the thrust and drag cannot be differentiated anymore.
This is a challenge for the industry since conventional thrust-bookkeeping cannot be used anymore.
Organizations such as the Dutch Aerospace Centre (NLR) and German-Dutch Wind Tunnels (DNW) are
interested in gaining knowledge on the testing and simulation of integrated propulsion systems.

*
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(b) BLI propulsion system. Thrust and drag are ambigu-

(a) Non-BLI propulsion system. Clear distinction be-, ¢

tween thrust and drag
Figure 1.1: Conventional thrust bookkeeping not possible with highly integrated systems. (Lieu, 2015)
A solution to this problem is to use the Power Balance Method (PBM) developed by Drela in which

the focus is on a power and kinetic energy analysis instead of a momentum analysis. In this theory a
power balance equation is obtained, where it contains the input power terms such as the input mechanical



CHAPTER 1. INTRODUCTION Contributions

flow power, shaft-power and output terms such as the kinetic energy deposition rates, dissipation and
potential energy. (Drela, 2009)

The classical definition of propulsive efficiency, also named "Froude" efficiency, is not valid for BLI systems
because it can reach values higher than 100%, since it ignores the pressure term in the momentum balance
equation. Several new definitions of efficiency have been developed but there is no standard definition
to follow. In a recent study published by Hall et al. (2017) a new general propulsive efficiency has been
proposed, which does not exceed 100%. The benefit of BLI was known since the late 1940s and has been
subject of numerous studies e.g. (A. Smith, 1947)(L. H. Smith, 1993)(Drela, 2009). One way to measure
the benefit of BLI systems over non-BLI systems is to compute the Power Saving Coefficient (PSC)
which compares the input mechanical power between BLI and non-BLI systems, as was first developed
by L. H. Smith (1993).

1 Contributions

The different research objectives that follow from the limitations of the current research status are sum-
marized in this section. The aim of this research is to:

1. Provide guidelines to wind-tunnel test suppliers such as DNW and research institutes such as NLR
on the experimental methods for highly integrated propulsion systems.

2. Quantify the BLI benefit at the unaccelerated condition of a highly integrated propulsion system by
testing experimentally in an industrial wind tunnel using: the direct method and indirect method.
See Section 2.2 for further information on each method. The performance of a BLI system is
compared to a non-BLI system.

3. Quantify the effect of the direction of the velocity vector at the inlet and outlet of the propulsor on
the mechanical flow power, jet dissipation and consecutively BLI benefit.

4. Quantify the propulsive coefficient of a BLI engine using the definition given in Hall et al. (2017).

2 Research questions

The research questions were formulated after a literature survey which is summarized in Section 2:

e "For a highly integrated propulsion system with Boundary Layer Ingestion (BLI), what is the effect
of the direction of the velocity V' at the inlet and outlet planes of the propulsor on the magnitude
of the mechanical power Pg and jet dissipation ®;c¢ defined using the Power Balance Method?"

o "What are the effects of the position of the propulsor in Boundary Layer Ingestion (BLI) or Wake
Ingestion (WI) on the recent definition of propulsive efficiency presented in Hall et al. (2017)2"

3 Thesis overview

The thesis is divided in two parts: I) Theory and II) Wind tunnel test. In the first part an introduction
to the concept of BLI is presented in Chapter 2 followed by a summary of the most relevant work on BLI.
Furthermore Section 2.1 shows the most relevant studies prior to the Power Balance Method, then Section
2.2 shows the studies after Drela’s paper published in 2009. Drela’s theory is an important distinction
since most of the recent papers use his theory to explain and investigate phenomena relating to boundary
layer ingestion and integrated propulsion. Then, a detailed description of PBM is described in Section 3.
Subsequently, a description of an important parameter to measure the performance of a BLI system, the
power savings coefficient, is given in Chapter 3. The last chapter of the theory, Chapter 4, deals with the
new definition of propulsive efficiency for BLI systems.

In Part II, Chapter 5 describes the overall experimental set-up. This chapter also includes a description
of the test campaign. The processed results from the wind tunnel tests are given in Chapter 6. Moreover,
Chapter 7 shows the uncertainty for the computed terms. Lastly, the conclusions are shown in Chapter
8 followed by the recommendations in Chapter 9.

Alan E. Voogd 2 M.Sc. Thesis
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Theory



Chapter 2

Boundary Layer Ingestion

1 Introduction to BLI

The boundary layer is a thin layer of fluid next to a solid surface such as a flat plate, where the effect of
viscosity is significant. Figure 2.1 shows a schematic of a boundary layer of a flat plate. The velocity grows
from zero at the surface itself (no-slip condition) and grows to free-stream value away from it. Boundary
Layer Ingestion (BLI) as the name indicates is the ingestion of the boundary layer flow through the
integrated engine.

U Uoo

- - -
-— 1---
— - S ¥
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Farr LSS .-F v e LS Py

Figure 2.1: Boundary layer growth at flat plane with zero incidence (Schlichting & Gersten, 2016).

Following the theoretical framework developed by Drela (2009) the benefit of BLI is explained as follows.
Figure 2.2 shows two aircrafts one with podded engines and one with boundary layer ingesting engines.
The kinetic energy of the jet is "wasted" in the podded engine case. However, for the BLI case the engine
"fills in" the wake reducing the stream-wise flow velocities and wasted kinetic energy. Thus, the power
dissipation is reduced in this case.
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Zero Net Wasted
Momentum Kinetic Energy

I L - _combined wake and jet +

\d erred H;

Figure 2.2: BLI reduces the wasted kinetic energy compared to the podded engines case (Uranga et al.,
2014)

However, the boundary layer flow is a highly distorted flow which reduces the lifespan of the propulsor’s
blade.

2 Previous studies on BLI assessment

The evolution on the investigation of the effects boundary layer ingestion is relevant to this research. In
this section a literature survey is summarized in two sections: i) from 1950 to 2009 and ii) from 2009 to
2018. A clear distinction has been set at 2009 due to the importance of the PBM which was published
in 2009 by Drela and subsequently influenced newly published research. (Drela, 2009)

2.1 Boundary layer ingestion 1950-2009

Boundary layer ingestion was first used for marine applications such as torpedoes and ships. In the field of
aircraft engineering, one of the first studies that demonstrated the benefits of BLI for aircraft propulsion
was carried out by A. Smith (1947) cited in Plas (2006). In this study, a BL ingesting engine was shown
to reduce fuel consumption between 5 to 10%.

In 1962 NASA conducted an investigation of a 1/20 airship model with stern propellers to investigate the
characteristics and the effect of propellers on the airship. (McLemore, 1962) These tests were conducted
at the NASA Langley full-scale tunnel. The measured characteristics were the propeller thrust and power,
aircraft force and moment, fuselage boundary layer and wake characteristics. The results of these tests
show a much higher propulsive efficiency than that of a conventional podded propeller.

A study in 1970 investigated the propulsive efficiency of BLI aircraft (Douglass, 1970). Two different
cases were investigated, viz. BLI system and a non-BLI system where the ratio of the velocity increment
V. to the flight speed V is kept constant. Douglas assumed: i) incompressible flow, ii) flow at the inlet
is at ambient static pressure and iii) one seventh power law profile was used for the ingested boundary
layer. The author concluded that BLI is beneficial due to a reduction in Kinetic Energy (KE) of the
wake and the jet. Furthermore the maximum improvement in propulsive efficiency for a typical aircraft
is stated to be 16%, assuming no losses at the inlet. However, if losses at the inlet are considered and
the effect of BLI on the Brayton cycle, the efficiency can be reduced.

L. H. Smith (1993) investigated the benefits of wake ingestion (WI). A method was developed to estimate
the propulsive power savings one could achieve when the viscous wake of a body is used as part of the
propulsive power. The propulsive power P, is represented by the kinetic energy flux in the downstream
wake, assuming that the wake is at ambient static pressure. Smith in his derivation starts with actuator
disk theory for a non-wake ingesting propulsor and eventually accounts for the wake ingestion and other
terms. The savings in power of the propulsor can be documented with the so-called Power Saving

Alan E. Voogd 5 M.Sc. Thesis
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Coefficient (PSC).
psc— o (2.1)
=5 .

P
The prime is used when the wake is not ingested. The PSC is an important parameter later used in
many studies where the performance of highly integrated propulsion systems are analyzed. Smith also
mentions that the previous formulation of propulsive efficiency can exceed 100% thus it should be called
coefficient instead of efficiency.
Numerical computations were performed and several conclusions about the power saving were reached: i)
the power saving is the largest for small propulsors, ii) the power saving is the greatest when the propulsor
is located in a position where the wake has not dissipated or flattened much by the shear stress of the
fluid, iii) it is favourable when the wake profile is flattened by reversible energy addition of the propulsor
and iv) power savings can be in the range of 20% in some cases.

Plas (2006) in his master thesis in 2006, later continued and published as a paper Plas et al. (2007),
presented a performance analysis of an aircraft with highly integrated propulsion with the presence of
BLI and flow distortion. In this case an analysis of the fan in ultra high bypass engines is carried with
the intention of establishing the flow benefit due to BLI. This benefit is shown to be sensitive to changes
in magnitude of fan and duct losses. The results show that BLI can provide a decrease in fuel burn up
to 3.8%. The figure of merit used for comparison between BLI and non-BLI systems is the power saving
coefficient developed by L. H. Smith (1993). Some other important conclusions from this paper are:

e Flow distortion for aircraft with BLI is a high risk (fan) design concept due to the lack of experience
and an investigation is needed to mitigate these risks.

e Ignoring the technical challenges, BLI does achieve a substantial reduction in fuel burn compared
to conventional engines.

Kawai, Friedman, and Serrano (2006) from NASA conducted a study focused on determining the potential
of highly integrated propulsion systems improvement using BLI inlets and Active Flow Control(AFC).
The analysis was performed on a Blended Wing Body aircraft with turbofans mounted on top of the aft
side of the aircraft. The different designs proposed were compared to a baseline design: a conventional
pylon-mounted turbofan on the aft end of the blended wing body. This study also determined the
potential benefits of using AFC with BLI inlets since it reduces the inlet distortion and prevents flow
separation which results in reduced ram and viscous drag. Thus also reducing the propulsion integration
weight and overall fuel burn. The results show a benefit up to a 10% reduction in fuel burned, if AFC is
used combined with BL control to enable a short offset BLI inlet.

2.2 Boundary layer ingestion 2009-2018

With highly integrated systems where the engines and body are highly coupled one cannot differentiate
between drag and thrust. Conventional thrust-bookkeeping methods cannot be used. In 2009 Drela (2009)
developed the Power Balance Method. The previous authors were focusing on a momentum analysis on
the control volume (CV), M.Drela on the other hand focused on mechanical power and kinetic energy
of the flow. Therefore this method does not need separate definitions for thrust and drag and it can be
used for aircraft optimization of highly coupled systems. This method is further expanded in Section 3.
Sato (2012) expands on the PBM by using it to estimate the performance of aircraft configurations with
tightly integrated propulsion systems. The PBM was applied to a system-level optimization of a hybrid
wing body with a BLI propulsion system. With increasing BLI, the fuel burn of this aircraft is shown to
decrease monotonically up to a 11% improvement with respect to a non-BLI aircraft.

A study published by Hardin, Tillman, Sharma, Berton, and Arend (2012) investigated the fuel burn ben-
efits associated with BLI for a generation-after-next (N+2) and propulsion system concepts. A detailed
Ultra-High-Bypass (UHB) propulsion with BLI is analyzed using a numerical model where propulsion
systems can be simulated. The results of the study show that a 3 to 5% BLI fuel burn benefit can be
achieved for N+2 aircraft with respect to the baseline aircraft without BLI, pylon mounted, UHB propul-
sion system. It is also estimated that N+3 configurations have larger benefits due to higher fractions of
boundary layer are ingested.

P. Lv and Rao (2013) investigated the fundamentals of BLI for aircraft with highly integrated propulsion
systems. This conceptual analysis, which focuses on the BLI effect of energy saving and the impact
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that BLI has on the body drag, uses the PBM as a theoretical framework. The conclusions from this
paper show that for BLI systems the wake energy is eliminated and it has a favourable effect even if the
body drag remains the same. However, the viscous and pressure drag increase due to the body-propulsor
interaction. The Froude efficiency exceeds 100% for BLI systems due to not being the true energy output
over the propulsor energy input for the fluid.

Three years later the authors expanded on the previous study. P. Lv, Rao, Ragni, and Veldhuis (2016)
present a conceptual study evaluating the performance of WI and BLI systems: propulsors and their
associated vehicles. The PBM is used for a power conversion analysis to develop and understand the
power-saving mechanism of WI and BLI. It is deduced from this analysis that "the Froude’s propulsive
efficiency as a figure of merit should be separated from the power conversion efficiency in these config-
urations". A short analysis of the performance for different cases is presented starting by analyzing a
free-stream actuator, then an ideal wake-filling actuator and a general WI actuator, where it is explained
why the propulsive efficiency exceeds unity and varies from case to case. In addition, the study presents
a more general picture by analyzing the isolated body and the integrated system for both BLI and WI
cases.

A study published by Uranga et al. (2014) quantified the aerodynamic benefits of BLI with wind tunnel
experiments for the D8 transport aircraft, also called the "double-bubble" concept. The concept can be
observed in Figure 2.3. There is significant research on the D8 aircraft regarding BLI as many papers
were published later.

(a) Non-BLI podded propulsion system (b) BLI propulsion system

Figure 2.3: D8 Aircraft model with BLI propulsors at the NASA Langley subsonic wind tunnel. (Uranga
et al., 2014)

Two different configurations were tested, a BLI and a non-BLI concept to compare their performance.
These two powered models 1:11 scale and 13.4 ft span were tested at the NASA Langley 14x22 foot
subsonic wind tunnel. The two configurations have the same basic airframe (or body) and propulsor units
to minimize any other possible effect and focus on quantifying the BLI effects. These two configurations
are compared for a zero net streamwise force, which simulates cruise condition. The PBM is used as the
theoretical framework to determine the benefit of BLI. It is noteworthy that the PSC, also named BLI
Benefit, is computed in terms of electrical power instead of flow power because the flow measurements
were not available at the time. The benefit of BLI is quantified as the difference between the mechanical
flow power or in this case electric power of the BLI system w.r.t. the non-BLI system divided by the
non-BLI mechanical flow power, similar to the definition given by L. H. Smith (1993).

PKnonfBLI . PKBLI PEnonfBLI o PEBLI

PSC = PKnon—BLI =

PEnon—BLI (22)

Where Pp is the mechanical flow power rate and Pg is the electric power. The electrical propulsor power
required for cruise is measured, where the model with integrated propulsion requires 6% less power than
for the model with podded engines.

Lieu (2015) in his master thesis " Quantification of the Boundary Layer Ingestion Benefit for the D8-Series
Aircraft Using a Pressure Rake System" presents the results of a set of experiments carried at the NASA
Langley Research Center (LaRC) 14’222" subsonic wind tunnel to determine the BLI benefit for the D8
aircraft. In order to compute the PSC, flow surveys were carried at the inlet and outlet of the propulsor
using a rotating rake system for both configurations(BLI and non-BLI). These two configurations are
analyzed using the PBM. The mechanical flow power at cruise condition (zero net streamwise force) is
computed from the flow measurements and CFD computations.

The pressure rakes do not provide the direction of the flow, therefore the flow angles were obtained from

Alan E. Voogd 7 M.Sc. Thesis



CHAPTER 2. BOUNDARY LAYER INGESTION Previous studies on BLI assessment

CFD simulations. The power saving can be computed comparing the BLI system with respect to the non-
BLI system. The BLI benefit was found to be 8.2%+0.8%. The uncertainties arise from the computation
of the flow angles and instrumentation errors, since the pressure rakes do not provide flow angles and
cannot properly access the propulsor inlet and outlet planes. Thus, the mechanical flow power cannot be
measured directly.

Van Dam (2015) in her master thesis assesses the inflow towards the propulsors and the pressure dis-
tribution at the propulsor fan-face for the BLI D8 aircraft, and examines the dependence of the model,
the propulsor and the flight condition on the inlet distortion. The experiments are carried out at the
NASA Langley subsonic wind tunnel, where five-hole probes were used for pressure surveys and mini-tuft
for flow visualization. The results of these experiments are then compared to CFD simulations. The
distortion coefficient was computed from the pressure distributions, the maximum variation in pressure
of a specified circumferential segment 60 deg:

Pr— Py

DO(60) =
f

(2.3)
where Py is the mean total pressure at the propulsor face, Py the mean total pressure in the lowest
stagnation pressure sector of the face of angle § and ¢y is the free-stream dynamic pressure.

The experiments were analyzed for several mission points: start of climb, top of climb, cruise and descent.
CFD was only performed for top of climb and cruise. At cruise the DC(60) ~ 0.3 for the D8 aircraft and
for conventional aircraft this is usually DC(60) ~ 0.1 — 0.2. The larger distortion coefficient is expected
due to several reasons:

e The aircraft model, the D8, causes a cross-flow which directs the flow to the side of the model.

e There is an asymmetry between the left and right propulsor regarding the flow direction. This is
caused by the rotation of the propulsors, since they rotate in the same direction.

e The engines are conventional engines optimized for uniform free-stream flow, instead for slow and
non-uniform BL flow.

The experimental results when compared with CFD show a 1% deviation in DC(60) at top of climb and
6% at cruise. The pressure distributions are similar and the pressure coefficient scale equally.

A recommendation to reduce the distortion is to eliminate the cross-flow induced by the model by changing
its design. Furthermore, the engines should be re-designed in order to account for non-uniform flow. Sabo
and Drela (2015) presented an experimental study about the propulsive power reduction due to BLI, for
an electric ducted fan behind a NACA0040 body of revolution at a Reynolds number of 2.4 - 10°. The
experiment is carried for a zero net streamwise force, mimicking the cruise condition of an aircraft and its
electrical propulsive power is measured. The net streamwise force is computed using a load cell. The PSC
for different propulsor positions is computed. The largest power saving is obtained when the ducted fan
is closest to the fuselage and centered on the body axis. The experiments were repeated with boundary
layer tripping and without tripping. The results show savings for the untripped case are up to 26% and
for a tripped flow case 29%. A second iteration of the tests show a maximum power saving of 25% for
a tripped flow case. When the propulsor is placed further downstream and away from the body axis,
smaller power saving benefits are obtained.

A criticism of this wind tunnel experiment pointed out by professor G. Eitelberg is that only the net
streamwise force was measured and not the torque. When the propulsor is set off the body azxis, it produces
a torque since the forces are not co-linear anymore. This torque causes the flow to have a certain gradient
which is not measured by this balance. One should account for all the forces and moments by measuring
with e.g. a 6-components balance.

Hartug (2015) investigated and analyzed both BLI and Wake Ingestion (WI) aircraft configurations. In
his master thesis different cases where analyzed: free-stream, WI and BLI configurations for their shaft-
power saving. The power terms are identified using the PBM and quantified experimentally using PIV at
the low-speed wind tunnel of Delft University of Technology. Figure 2.4 shows the different experiments
performed at the wind tunnel.

The propulsor in the WI case is placed where the static pressure downstream of the body recovers to am-
bient conditions. Furthermore the configurations tested are compared using non-dimensional parameters
such as propeller efficiency and thrust-power coefficient. The objective is to experimentally quantify the
increase in propeller efficiency for the WI and BLI configurations. During the wind tunnel testing two
different conditions were set:
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Figure 2.4: Different configurations tested in Hartug (2015).

e Equilibrium: the net streamwise force is set to zero. This mimics the cruise condition of the aircraft.

e Constant-speed: the wind-speed is fixed and the thrust of the propulsor varies.

The result for a propulsor in WI configuration saves 9% shaft-power with respect to an identical propulsor
in free-stream configuration for the equilibrium case. For BLI the power saving is larger where 18% power
saving is measured. The power saving is due to the propulsor being immersed in the slower moving wake.
The classical definition of propulsive efficiency for BLI and WI can generate values that exceed 100%. In
this thesis several definitions of propulsive efficiency were investigated and one new definition introduced
which does not exceed 100% for perfect wake-filling configurations. In the experiment the propulsor and
airframe were decoupled, the forces were measured separately thus increasing the uncertainty. Therefore
a suggested improvement is to use a common balance between the two systems to find the net streamwise
force with lower uncertainty. Furthermore the processing of PIV data required more experience and
preparation, leaving no results for the BLI configuration due to this reason. The dynamic pressure
of the wind tunnel contains large deviations at very low wind speeds, causing large scatter for non-
dimensionalized coefficients.

Uranga et al. (2017) presented a paper assessing the BLI benefit of the D8 aircraft where experiments
were carried out from 2010 to 2015 for the NASA N+3 Phase 2 Program. The PSC or BLI benefit is
computed for a zero net streamwise force. The net streamwise force is measured using a six-component
internal force balance. An important consideration is that no wind-tunnel corrections were applied to
the results of the balance. This is due to the focus of the research is on relative changes between BLI
and non-BLI systems, i.e. the PSC. Since both terms, for BLI and non-BLI systems would have the
same wind-tunnel corrections due to having the same blockage and lift coefficient (Cf). Of course, this
assumption is only valid if the two geometries considered BLI and non-BLI are very similar. This is the
case for the D8 aircraft with podded engines and integrated engines.

Furthermore, the mechanical flow power is measured using two different methods: the direct method and
the indirect method.

1. Direct Method: The flow field is measured using flow surveys. The details of this method are
presented in Lieu (2015).

2. Indirect Method: The electrical power of the propulsor is measured during testing and can be
converted to mechanical flow power. For this conversion offline experiments are needed in order to
compute the shaft and fan efficiencies. The details of this method are presented in Uranga et al.
(2014) and Siu (2015).

The results from these two methods give a BLI benefit of 8.6% at cruise condition and it is found to be
unchanging to the various modeling and processing assumptions. This benefit is specific for this aircraft
where roughly 13% of the total airframe surface viscous dissipation is ingested by the BLI propulsors. A
larger benefit is expected with a higher fraction of ingestion. The propulsive efficiency and BLI benefit
are evaluated through the mechanical flow power. An important conclusion is that this work presents
a BLI benefit of 8.6% but this only represents a fraction of the total potential savings an aircraft could
have with BLI, since the aircraft can be optimized e.g. smaller and lighter propulsors can be used, thus
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reducing the size of the vertical tail and reducing overall weight. It is estimated that the BLI benefit is
close to 19% (Uranga et al., 2014).

Hall et al. (2017) published a paper where the physical principles of the power saving mechanism for BLI
propulsion and a quantitative evaluation of BLI benefit for advanced civil aircraft are described. In this
paper the PBM is used for the analysis of highly integrated propulsion systems. When defining these
systems in terms of power and mechanical energy flow instead of momentum flux and forces one can
define relevant physical mechanisms and quantify the performance of integrated propulsion systems. The
paper concludes that the principal causes or mechanisms of the benefit that BLI systems provide are:

1. a reduction in jet dissipation caused by a lower than free-stream inlet velocity producing the same
force with a lower jet velocity

2. a reduction in airframe viscous flow dissipation caused by a reduced nacelle wetted area and the
addition of energy to the wake fluid.

As mentioned in Uranga et al. (2017) the D8 aircraft has shown a mechanical power reduction of 8.7%
due to BLI, where 60% of this benefit comes from a decreased jet dissipation and the other 40% comes
from reduced airframe dissipation. However, these results are highly dependent on the fraction of ingested
BL, which in this case is 40% of the fuselage boundary layer and the sizing of the propulsion in each
configuration. The propulsive efficiency can be quantified using the PBM. The propulsive efficiency is
defined in terms of power quantities and a definition is proposed as "the ratio of net propulsive power
to mechanical flow power"” (see equation 4.8) (Hall et al., 2017). The results show that increasing the
amount of BL ingested leads to a decrease of the required mechanical flow power. If the mass flow is
increased, the propulsive efficiency for both BLI and non-BLI systems is also increased but BLI systems
produce a higher efficiency for the same mass flow.

In a recent study published by Uranga, Drela, Hall, and Greitzer (2018) a quantitative analysis of the
aerodynamic benefit from BLI for transport aircraft is presented. The reduction in jet, wake and surface
dissipation are the cause of the aerodynamic benefit of BLI systems. Wind tunnel tests were performed
on the D8 aircraft where the BLI analysis framework is applied at the NASA Langley 14222 foot subsonic
wind tunnel. The comparison between non-BLI and BLI configurations are presented for various cases:
equal nozzle area, equal propulsor mass flow, equal jet velocity and equal propulsive efficiency. The power
reduction ranges from 4% up to 9% depending on the case.

However there are important considerations regarding the system level benefits, not just BLI benefits.
For example, if a BLI and a non-BLI propulsor have equal amount of power, the BLI propulsor would
be around 40% smaller in size and considerably lighter. The parametric model presented was applied to
subscale, subsonic data, but the modeling equations do not depend on the Reynolds number therefore
this model is valid for full-scale aircraft.

3 Power Balance Method

The thrust-bookkeeping method used currently can only be applied to podded nacelles where there is no
boundary layer ingestion. The thrust and drag are well defined parameters using the momentum equation.
The main body and propulsor can be tested separately to account for drag and thrust respectively. This is
illustrated in Figure 2.5. However, in the integrated propulsion system when the airframe and propulsor
are highly integrated and BLI is present the contribution of each part cannot be separated, as shown in
Figure 2.5. The power balance method is a solution presented by Drela (2009) to asses the performance
of highly coupled systems and later expanded by Sato (2012). Instead of focusing on momentum equation
analysis, this method focuses on a mechanical power and kinetic energy analysis.
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Figure 2.5: Clear definition of thrust and drag for the non-integrated propulsion compared to the bound-
ary layer ingesting system. (Drela, 2009)

3.1 Power Balance equation

The main equation of the Power Balance method is derived in this section. Firstly, the control volume
(CV) around an aerodynamic body is defined as can be seen in Figure 2.6. The boundary of the CV, S,
is partitioned into two different surfaces:

e The outer boundary S which is far away from the body.

e The inner or body boundary Sp which is the surface of the body.
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Figure 2.6: Three-dimensional CV surrounding an aerodynamic body from a two-dimensional cutaway
view. Modified by S. Sato. (Drela, 2009) (Sato, 2012)

The flow is perturbed by the aerodynamic body, therefore the local fluid velocity V is defined as:

V= (u+ Vo)X +0Y +wZ (2.4)
where V is the magnitude of the free-stream velocity, u, v and w are the perturbations of the free stream
velocity in their corresponding directions. The momentum equation in differential form for a compressible

flow with no body forces is:
V- (pVV)=-Vp+V-T (2.5)

If equation 2.5 is multiplied by dot V', then one obtains:
1 _
V- (pV§V2) =-Vp-V+(V-7)-V (2.6)

One can then integrate equation 2.6 over the whole control volume dV:

///V[V.(pvéw)]dvz///‘/[_vp.vﬂv,;),V]dv (2.7)
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The next step is to apply Gauss Theorem which states that for any continuous vector field A:
// V- AdV = A - ndSo + A - ndSp (2.8)
\%4 So Sp

The result of applying Gauss theorem and rearranging terms is the power balance equation:

Ps+Py+Px=Wh+E,+E,+E,+FE,+® (2.9)

Where the three terms on the left hand side (LHS) are the mechanical power supply, power inflow to
the control volume and power production. The terms on the right hand side (RHS) represent the power
outflow and consumption, in other words the mechanical power dissipation, conversion to potential energy
and the outflow from the control volume. The definition for each term is:

Propulsive shaft power, Pg

Pg = #[—(p—pm)m%.ﬁ].wsg (2.10)

Represents the power provided by components moving relative to the CV, it is the integrated force times
velocity over the body CV surface Sg. This term includes positive contributions from a compressor and
negative contributions from a turbine, it is only non-zero if the control volume wraps around a moving
surface such as propeller blades.

Net pressure-volume “PdV” power, Py

Py = ///(p — Do)V - VdV (2.11)

Py is defined as the volumetric mechanical power (P dV) provided by fluid expanding against atmospheric
pressure. This term will only have a contribution wherever heat is added or removed from the flow. For
instance combustion can be present inside of the CV.

The net propulsor mechanical energy flow rate into the CV, Py

P = @b (o= po) + 50(V? = V)V - idSs (2.12)

Pk is the net pressure power or work rate and kinetic energy inflow rate across Sp and into the CV. This
term accounts for the bottom propulsor in Figure 2.6, for power sources whose moving elements are not
covered by the body surface boundary.
The potential energy rate Wh is the power used in increasing the potential energy of the body.

Wh =WV, sin(y) (2.13)

Where v is the climb angle, h the rate of change of altitude and W the weight of the aircraft. When
h > 0 it consumes power, when h < 0, during descent, it becomes a power source.

Wake streamwise kinetic energy deposition rate, E,
. 1
E, = // §pu2(voo + u)dSEHF (2.14)

E, is the rate of streamwise kinetic energy being deposited into the flow out of the CV, through the
Trefftz(transverse) plane. This kinetic energy deposition is produced by the wake generated by the body
and the jet produced by propulsors.

Wake transverse kinetic energy deposition rate, E,,
. 1
E, = // 5,0(1)2 + w?) (Vi + u)dSHF (2.15)

E, is the rate of transverse kinetic energy being deposited into the flow out of the CV through the trans-
verse plane. This kinetic energy deposition is produced by the trailing vortex from a lifting body. If the
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free stream velocity is much larger than u, V. >> u, then equation 2.15 is the same as the induced drag
D; times V. Of course this only holds for a Trefftz plane that is relatively close such that the vortex
wake has not dissipated.

Wake pressure-defect work rate, E'p

E,= //(p — poo)udSH” (2.16)

is the rate of pressure work done on the fluid crossing the Trefftz Plane at the pressure p different from
its freestream or ambient value pe.

Wave pressure-work and kinetic energy outflow rate, E,
. 1
E, ://[p—pm+§p(u2+vz+w2)]V-ﬁdS(S)C (2.17)

is the pressure work and kinetic energy deposition rate of the fluid crossing the side cylinder (SC). This
term becomes only relevant for supersonic flows, where oblique waves are dominant and this term be-
comes equal to the wave-drag power.

The viscous dissipation rate, ®

o= /// (7.V)-vav (2.18)

This term accounts for all the kinetic energy dissipated inside the CV.

Application of the power balance equation

The power balance method is applied over the control volume containing the "aircraft" tested shown in
Figure 2.7. The "aircraft" consists of a body which resembles a fuselage and a propulsor behind it. The
power balance equation (equation 2.9) is simplified to:

Pg =04+ E—F,Vy (2.19)

The only input term in this equation is the mechanical flow power Px. The system is tested at low
subsonic Mach numbers, meaning that incompressible flow can be assumed. Therefore, V -V = 0, thus
Py is zero. Since the control volume does not cover the moving blades of the propulsor, the shaft power
(Ps) is not present. For the output terms the total dissipation is present ® + E. In this experiment the
system is tested at the unaccelerated condition thus F, = 0. The equation is simplified even further:

Pk =®+E (2.20)
dSp©
r =~ T | orp
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Figure 2.7: Control volume definition for the tested system
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Chapter 3

Power Savings Coefficient

One of the methods of evaluating and quantifying the performance of BLI systems is by computing the
power savings coefficient. The evaluation of the PSC requires the definition of several parameters. The
important term to be investigated is the required power to produce a zero net stream-wise force, since
in a fully integrated system it is not possible to differentiate between thrust and drag. For a control
volume which fully envelopes the propulsor, assuming a low-speed, the only input power term in the
power balance equation is the net mechanical propulsor power P .

The net mechanical propulsor power Pk can be defined in terms of total pressure:

Prc = = gpon — pio)V s (3.1)

where p; is total pressure. This term can be measured with two different methods, i.e. the indirect and
direct method. The direct method consists of surveying the propulsor inflow and outflow planes with
flow measurement techniques (e.g. PIV or 5-hole probe). The direct method was used in the experiments
of Lieu (2015) where he used a rotating Pt-rake system and calculated the direction of the velocity from
CFD calculations. Furthermore, the result can be non-dimensionalized into a power coefficient:

Py

Cp = ——1
P qoovoosref

(3.2)

The indirect method to compute the BLI benefit is to obtain the propulsor power from the measured
electrical power Pg supplied to the motor, combined with the fan efficiency 1y and motor efficiency 7,,.
This electrical power can be non-dimensionalized:

Pg

Cpy = ——L
Fe QOoVooSref

(3.3)

and it can be related to the propulsor power through the efficiencies:

CPK = nfnmCPE (34)

The motor efficiency is the power delivered to the shaft divided by the electrical power input to the
motor. The fan efficiency is power delivered to the air divided by the shaft power. The disadvantage with
this method is that separate experiments are needed to compute these efficiencies and they introduce
additional uncertainties when computing Cp, . The overall efficiency can be easily computed and is
defined as the ratio between the mechanical flow power and the electric power:

No = Cp (3.5)

E

Since the forces are ambiguous in highly integrated systems, the net stream-wise force Fx is utilized and
it can be non-dimensionalized:

Fx
Cx =
qoosref

(3.6)
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The definition of the PSC given by L. H. Smith (1993) can be applied to this case, where the objective
is to obtain the required power to achieve a zero net-streamwise force:

_ —BLI
PKnon BLI _ PKBLI O}l’f{n _ CEIEI

non—BLI
Ce

PSC = (3.7)

non—BLI
Pr Fx=0 Cx=0
In Uranga et al. (2014), it is assumed that the fan and motor efficiencies are not changing significantly
between the BLI and non-BLI configurations for the same operating point. Therefore it is assumed that
the benefit can be computed as:

non—BLI BLI
c — CBL

PSC ~ — L=

3.8)
non—BLI (
Ch,

Cx=0
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Chapter 4

Propulsive efficiency

The classical definition of propulsive efficiency, also named Froude efficiency, exceeds the value of unity
for BLI systems (see Section 2.1). Therefore, this definition cannot be applied to such systems because
it would suggest to produce energy without any cost. Section 1 introduces the classical definition of
propulsive efficiency and Section 2 introduces a new definition based on the power balance method.

1 Propulsive efficiency for a non-BLI system

The propulsive efficiency is a quantitative measure relating the useful power available and the total power
generated by a propulsive device as defined in equation 4.1.

_useful power available

= 4.1
total power generated (4.1)

Consider Figure 4.1 where a propulsor is shown ingesting a flow with velocity V,, and exiting with velocity
Vezit- The air from the exhaust can be seen moving with a velocity of V..;; — Voo and the associated
kinetic energy of this air is %m(‘/ezit — Vi )?. This kinetic energy is completely wasted and the wasted
power can be written as %m(vam — Voo)27 where 771 is the mass flow through the propulsor. On the other
hand, the power available provided by a propulsor moving through the air with a velocity V., can be
defined as:

Py =TaVs (4.2)

Where T4 is the thrust available. Therefore the total power generated by the propulsor is the sum of the
available power and the power wasted. Recalling equation 4.1, the propulsive efficiency is then:

TaVs
= TaVe + %7;:(‘/6371'1& —Vao)? (43)
Neglecting the small pressure term, the thrust of the propulsor can be derived to be :
Ty = 1m(Vewit — Voo) (4.4)
Substituting 4.4 into equation 4.1:
= M (Vezit — Voo) Vo (4.5)

m(V;m.t - Voo)voo + %m(vemzt - Voo)2

Simplifying the equation, one obtains the classical definition of propulsive efficiency or "Froude" propul-
sive efficiency:
2

_ 4.6)
Ve:n’it (
L

n
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Combustion ¥,

Figure 4.1: Schematic of a jet propulsion engine (Anderson, 2016)

The Froude efficiency shows that a 100% efficiency can be obtained when V_.;; = V. In other words,
imagine that the propulsor moves at a velocity V., the surrounding air is standing still and the air
exhausted at the back of the propulsor at a relative velocity V.;;;. The exhaust velocity is the same
velocity at which the propulsor moves V., = V.,;;. This means that a person standing in front of the
propulsor sees a propulsor moving at a velocity V., and the air exhausted from the back has no velocity.
Therefore there is no wasted kinetic energy. However, if Vi,;; = Voo then the propulsor thrust (see
Equation 4.4) becomes zero. Therefore a trade-off has to be made depending on the mission in order to
have best efficiency and thrust.

Efficiencies higher than 100% can be obtained for V,.;; < V.. This is the case for wind turbines where
the flow is decelerated at the back.

2 Propulsive efficiency for a BLI system

Following the classical definition of propulsive efficiency, L. Lv (2019) shows that the propulsive efficiency
can reach higher values than 100% for for a general WI system. Other research shows that BLI systems
e.g. McLemore (1962) and L. H. Smith (1993), shows high values of propulsive efficiency, requiring to
re-define it.

Equation 4.1 still applies for BLI systems. The wind tunnel tests are carried out at low subsonic mach
numbers, therefore one can assume incompressible flow and as a consequence the net pressure-volume
Py = 0. Furthermore, the moving blades of the propulsor are not covered by the control surface thus the
shaft power Pg = 0, so only the mechanical flow power is present Px # 0. The net propulsive power is
defined as the difference between the mechanical flow power Pg and the power lost due to dissipation in
the mixing of the jet ®;.;. The mechanical flow power is defined in Equation 3.1 and the jet dissipation
is defined as the kinetic energy deposition rate defined at the propulsor outlet:

. . . 1
Ojer = Eo + By + Ep = // 5o +v* + w?)(u+ Vao) + (p = poc)uldSTp (4.7)

Recalling equation 4.1, the propulsive efficiency is defined as the ratio of net propulsive power to me-
chanical flow power: (Hall et al., 2017)

_PK_CDjet

M = Pr (4.8)

If there is no dissipation present, the propulsive efficiency is 100%. With this definition the propulsive
efficiency cannot exceed values above 100%. Furthermore, if this equation is applied to a non-BLI
configuration it reduces to the Froude propulsive efficiency definition. To derive the Froude propulsive
efficiency from this equation, a one dimensional analysis is required and a uniform jet velocity Vje; at
free-stream static pressure is assumed, in the same manner as it was derived in the previous section. The
propulsor’s mass flow can be defined as:

m = ijetSjet (49)
The mechanical flow power at the inlet is zero since the propulsor ingests free-stream flow velocity. At
the outlet the mechanical flow power is:

1

Pg = -m(V2

2 jet — VOQO) (410)
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The jet dissipation on the other hand is equal to the excess mechanical energy deposition rate at the
propulsor’s outlet:

1,
(Djet,f = im(‘/jet - ch>0)2 (411)
Substituting equations 4.10 and 4.11 in equation 4.8 and simplifying the terms:
o P = ey 3V Z V) — Vi — Vo) 2 w12)
p, froude PK,f %m(ert — VOQO) 1+ V‘e/z:-t .

Results in the Froude propulsive efficiency definition.
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Chapter 5

Experimental set-up

This chapter describes the set-up of the wind tunnel tests performed to study the effects of boundary
layer ingestion. Firstly, an overview of the test campaign is shown in Section 1, followed by a description
of the wind tunnel facilities in Section 2. Subsequently, the wind tunnel model is described including a
detailed explanation of the design process in Section 3. The instrumentation used during the experiments
is discussed in Section 4 also including a brief explanation of the data processing.

1 Test campaign overview

In this section an overview of the test campaign is described. Firstly, this thesis applies the Power Balance
Method (explained in Chapter 2) in order to understand and compute important performance parameters
for integrated systems where BLI occurs. In order to answer the research questions stated in Chapter
1 the most important parameters needed to be derived are: the mechanical flow power Py defined in
equation 3.1, the jet dissipation ®;.; defined in equation 4.7, the PSC defined in equation 3.7 and finally
the propulsive efficiency 7;c¢ defined in equation 4.8. To derive these terms a suitable experiment has
been designed with proper instrumentation.

The condition chosen to be tested is the unaccelerated case, where thrust equals drag, and where the
Mach number equals 0.176, roughly the free-stream flow velocity is 60m/s for standard atmospheric
conditions. Five different configurations are tested:

e Isolated body, see Figure 5.1.

Isolated propulsor, see Figure 5.2.

Isolated propulsor including an upstream strut, see Figure 5.3.

BLI integrated system: body and propulsor, see Figure 5.4.

WI integrated system: body and propulsor, see Figure 5.5.

IL ZT—’

B %, ET
| |
Figure 5.1: Isolated body configuration Figure 5.2: Isolated propulsor configuration
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1.

B T T

Figure 5.3: Isolated propulsor including an upstream strut

Vm

Figure 5.4: BLI configuration Figure 5.5: WI configuration

The first test is to measure the drag of the isolated body at the "cruise" or unaccelerated condition (at
Mach = 0.176) as shown in Figure 5.1. The drag can be measured using the internal load cell of the body.
The subsequent step is to measure the body wake size. The body wake is measured with the five-hole
probe by directly measuring behind the body in a cross-shape, as shown in Figure 5.6. The reason of
measuring a cross is to find whether the body wake is axisymmetric, since PIV measurements were not
possible.

= = FHP measurements

1
1
1
1
1
1
1
1
1
1
ke o e

Figure 5.6: Five-hole probe measurements at the back of the body to measure the wake size and check
axisymmetry (view looking upstream)

Another important measurement is to determine the position where the static pressure recovers in the
body wake. For this purpose the wake is measured using a five-hole probe and the body is moved upstream
using the rail system. Figure 5.7 shows a schematic of the pressure measurements behind the body.
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Voo -
FHP measurements

S S S S S S S S

Figure 5.7: Measurements of the static pressure behind the body using a five-hole probe

Then, the drag of the body at M=0.176 is used as an input for the required thrust of the isolated propulsor
in order to simulate a non-BLI configuration, as shown in Figure 5.2. The thrust of the propulsor
is measured using a load cell. The power required given the required thrust for this configuration is
used as a reference for the Power Savings Coefficient. In order to obtain the mechanical flow power,
jet dissipation and propulsive efficiency five-hole probe measurements are carried at the control surface
of the propulsor. Instead of measuring the whole control surface, the analysis is simplified using the
assumption of axisymmetry. Therefore, on a line around the control surface is measured as depicted in
Figure 5.8. The detailed measurement path of the five-hole probe around the ducted fan is depicted in
Figure 5.26.Moreover, in order to further check the symmetry of the measurements, the same five-hole
probe measurements are repeated in the opposite side. Also, at the inlet of the propulsor a cross-shape
of five-hole probe measurements is completed in a similar manner as with the isolated body configuration
(see Figure 5.6).

~

» FHP measurements

vy

Figure 5.8: Control surface around propulsor. The five-hole probe measurements are only measured in a
line around the control surface assuming axisymmetry

Subsequently, a strut is added in front of the propulsor in order to ensure that during the BLI or WI
configurations the strut connected to the body does not influence the flow ingested by the propulsor, as
depicted in Figure 5.3. If the influence of the strut is non-negligible then corrections should be applied in
such cases. These corrections are interesting for wind tunnel providers such as DNW. Balance measure-
ments and five-hole probe measurements are repeated in the same manner as with the isolated propulsor
case.
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The integrated systems are divided in two cases a BLI configuration and a WI configuration, see Figures
5.4 and 5.5. In the BLI configuration the propulsor is as close as possible to the body and in the WI
configuration the propulsor is at a position where there is no more pressure interaction with the body. In
these configurations, balance measurements are performed such that the thrust of the propulsor equals
the drag of the body. The electric power required is measured at this condition, which then is used for
computing the power savings. Then, five-hole probe measurements are carried around the control surface
maintaining the unaccelerated condition, repeating the same procedure as for the isolated propulsor
case. Then, the power savings coefficient can also be computed from the mechanical flow power and the
propulsive efficiency as well.

2  Wind tunnel facility: Low-Speed Tunnel (LST)

The main objective of a wind tunnel is to simulate particular aspects of air flowing around an object
or vehicle. Wind tunnel testing started in the late 19th Century and still is relevant today, even with
the rise of Computational Fluid Dynamics (CFD). However, it is impossible to simulate all aspects of
the aerodynamics of a vehicle simultaneously, typically the Reynolds number and/or Mach number are
matched in order to investigate relevant effects. Wind tunnels can be categorized as open or closed cir-
cuit. An open wind tunnel accelerates the stagnant air from the environment and is exhausted out the
back to the surroundings. These type of wind tunnels are inexpensive to build, but they are energetically
inefficient since the air has to be continuously accelerated. Furthermore the quality of the flow is affected
by any disturbances in the stagnant upstream flow. On the other hand, closed return wind tunnels let
the flow circulate avoiding continuously accelerating the air, being more energy efficient than an open
return wind tunnel. The air exhausted is returned to the front of the tunnel via a closed duct returning
to the front of the wind tunnel, Figure 5.9 shows a schematic of a closed-circuit tunnel. This type of
tunnel has larger construction costs, but can provide better flow quality overall. The tunnels can also
be categorized depending on the flow regime subsonic (M < 0.3), transonic(M = 1), supersonic(M > 1)
and hypersonic(M >> 1).

2 test sections

Figure 5.9: Schematic overview of the Low-Speed wind tunnel (LST-DNW)

The wind tunnel tests will be carried in the Low-Speed Tunnel (LST) operated by DNW, the German-
Dutch Wind tunnels. DNW operates the wind tunnels of the German Aerospace Centre (DLR) and the
Dutch National Aerospace Centre (NLR). The DNW-LST is located near Marknesse in the Netherlands
where also the largest European low-speed wind tunnel is located. This is an industrial closed-type wind
tunnel where tests are carried at atmospheric conditions and low-speed domain. The test section of this
wind tunnel is 3.0 m x 2.25 m with turntables in top and bottom wall for 2D testing or 3.0 m x 2.25 m
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with overhead balance for 3D testing. The operating range of this wind tunnel is from 0 < V, < 80[m/s].
The settling chamber has a honeycomb-type flow rectifier and three fine-mesh screens. After the settling
chamber there is a 1:9 contraction ratio. The models can be supported with a six component balance
or there is even sting support for internal balances. The wind tunnel is presented in Figure 5.10. The
reference instrumentation consists of 4 total pressure tubes in each corner of the settling chamber including
4 temperature probes. In each corner of the contraction there are 4 static pressure tubes.

During the test campaign DNW’s experienced wind tunnel operators and technicians worked on the
construction of the set-up and testing. Since DNW-LST is a commercial industrial wind tunnel where
clients test their models meant that there was limited testing time. This limited testing time played a
role in the test campaign.

Figure 5.10: Aerial view of the DNW Low-Speed wind Tunnel (LST-DNW)

3 Wind tunnel model

The wind tunnel model is essentially divided in two different parts: a fuselage (or body) and a propulsor.
The design of these two parts have certain design requirements that have to be met in order to have a
functioning set-up. The process of designing the model is presented in Section 3.1. Then, a description of
the isolated body is presented in Section 3.2, then the isolated propulsor in Section 3.3 and the isolated
propulsor including the upstream strut in Section 3.4. Finally the integrated configurations (BLI and
WI) are described in Section 3.5.

3.1 Model design

In this section a description of the design procedure and criteria of the model is explained. One of the
goals of this research is to determine the power savings coefficient and propulsive efficiency, thus two
different models or configurations are needed: a non-BLI configuration and a BLI configuration. The
non-BLI configuration is used as a reference for comparison with the BLI configuration. In this manner
the difference in performance between these two systems can be compared.

In literature there have been different ways of designing such systems e.g. the D8 "double bubble" has two
different configurations a podded and an integrated system. These two models share the same physical
components, except for the removable aft 20% of the fuselage but keeping the attached vertical tails and
the horizontal tail. However, to design such a complete aircraft in the time frame of this thesis this is not
possible. Therefore, a similar approach to Hartug (2015) and Sabo and Drela (2015) was decided, where
a body is in front of the propulsor and the propulsor’s relative position can be changed.

Since the main goal is to investigate the effects of BLI, the body is designed keeping in mind that its
boundary layer will be ingested by the propulsor. The analysis can be simplified if an axi-symmetrical
body is chosen since it would produce an axi-symmetrical wake. Once the body geometry is determined
its drag and wake diameter can be estimated. The body drag and wake diameter are used as inputs
for the design of the propulsor. The ideal case of a wake-filling propulsor was presented by L. H. Smith
(1993), where the propulsor diameter is the same size as the body wake diameter. Therefore, following the
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ideal case, the propulsor size is determined by the body wake in order to have the highest power savings.
However, the propulsor should also be able to produce a thrust equivalent to the body drag to simulate
cruise condition, a zero net streamwise force. The motor and power supply have to be chosen according
to the thrust required and size of the propulsor. Special attention is given to the RPM, torque, voltage
and current required. The diagram in Figure 5.11 shows schematically the iterative steps taken when
designing the model. The wind tunnel model, body and propulsor, has been constructed and designed
by DNW.

Wake diameter = propulsor’s diameter
Cruise condition = Thrust— Drag =0

DNW's support and design

Body Propulsor Motor and power supply

* Length Propulsor diameter = Voltage & Current
*  Maximum diameter Thrust * RPM
* Drag Torque * Torque

Figure 5.11: Design diagram

Different bodies were compared in terms of their size, drag and wake diameter for several Mach num-
bers. The bodies compared are all axi-symmetric in order to simplify the problem. The body used in
the LST wind tunnel resembles an aircraft fuselage and is positioned over a strut. The fuselage is an
axi-symmetrical body with a total length L = 1.5m and a maximum diameter d,,q., = 0.23m. The
characteristics of the body can be found in Table 5.2. The body is divided in three parts: a forebody, a
midbody and an afterbody. The coordinates for these parts are given from the model nose:

The forebody is defined as a modified ellipsoid:

2 =0.125/1 — [0'%5—5;96]2 0 < 2 < 0.55[m] (5.1)

The midbody remains cylindrical:
z=0.125 0.55 < x < 0.75[m) (5.2)

Finally the afterbody is an ogive shape tail:

0.75 —x

z=0.125[1 — [W]P’]

0.75 < x < 1.5[m] (5.3)

The strut and body connection was designed and manufactured by DNW. Figure 5.12 shows the designed
body including the strut in a software developed by Dassault systemes named computer-aided three-
dimensional interactive application (CATIA). Figure 5.13 shows the structure inside of the model. The
load cell is depicted as a green rectangle and measures the difference between the metric and non-metric
world. This means that the balance measures the body drag directly with no influence from the strut
drag. The yellow metal thread connects the leading edge and trailing edge of the body and can be
tightened compressing all body parts and keeping them together.
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Figure 5.12: Final design of fuselage and strut using CATIA

Figure 5.13: Interface between body, strut and load cell

The drag of the body is computed using the method given in the report ESDU 78019 (ESDU, 1978).
In this report the profile drag is given for axi-symmetrical bodies at zero incidence at sub-critical Mach
numbers with complete subsonic flow. In order to apply this method certain parameters have to be
defined:

e Maximum diameter of the body (Dqz)
e Total length of the body (L)

e Length of the forebody (i)

e Volume coefficient of the forebody (Cv;)
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Total volume coefficient (Cy/)

Total surface coefficient (C's)

Transition point (X;,)

Reynolds number (Re)
e Mach number (M)

The geometrical characteristics of the body can be found in the report ESDU 77028 (ESDU, 1977).
The range of bodies that can be tested with this method for which it provides a good agreement with
experimental and theoretical data is summarized in Table 5.1. The estimated drag of the body is 6.5 [N]
with a wake diameter of dyqre = 0.131 [m]

Table 5.1: Input ranges for which good results can be expected

0.1 to 0.5 | 0 to infty | 0.56 to 0.86 | 0 to 0.6 | 0.25t0 0.6 | 0 to 2 | 0.37 to 0.71 | 0.50 to 0.85 | 0.63 to 0.93

The boundary layer grows along the axi-symmetrical body upon reaching the pointed end of the body.
The boundary layer then concentrates into a circle with an approximate diameter dyqke: (Sighard F.

Hoerner, 1958)
dwake =V 350dmaac (54)

Where d,,q, is the maximum diameter of the body and §y is the basic boundary layer thickness. The
total boundary layer thickness in a turbulent flow is given by the following equation:

_ 0.154z

5o = A% (5.5)
0 R;‘/’?

where z is the length in meters of the body and R, is the Reynolds number R, = .

Table 5.2: General characteristics of the body under consideration

0.55 0.75 0.2 0.6535 | 0.6939 | 0.805 | 0.2 60 6.5 6.12E+06 | 0.131

0.176

Another point of interest is minimizing the body-strut interaction. This interaction is minimized when the
strut is placed where there is zero pressure gradient.(L.L.M. Veldhuis, 1988). The pressure distribution
for the forebody and afterbody can be obtained from (ESDU, 1982) as shown in Figure 5.14. From this
figure one can observe that for the lowest Mach number 0.4, the pressure gradient quickly becomes zero.
For lower Mach numbers it is assumed that even a flatter pressure distribution is obtained. The position
of the strut is decided to be set at one fourth of the total length from the body nose 0.25L = 0.375 [m)].
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Figure 5.14: Pressure distribution of the forebody for a % =2 (ESDU, 1982)

On a different note, the propulsor design was dependent on the wake diameter and body drag. The
estimated body wake diameter is used for choosing the size of the propeller blades and the estimated
body drag is used as a reference for the required thrust. In this research due to time constraints it is
not possible to fully design a propulsor, thus commercially available parts are purchased. The propulsor
(elements) are bought directly from a store. These commercially available propellers are not designed for
BLI or WI conditions, therefore their performance cannot be predicted.

The first step in the design process is to decide what size and type of propeller blades are chosen. Propeller
blades manufacturers usually only provide the thrust for static conditions, meaning that the thrust at
the unaccelerated condition M = 0.176 is unknown. As a result several propeller blades around the size
of the body wake were ordered, including a ducted fan. There are benefits and disadvantages when using
an open rotor or a ducted fan. An open rotor is less expensive, they come in variable sizes but have
large tip losses. On the other hand a ducted fan has less tip losses, produces less noise and produces high
thrust. However, the size of the ducted fans commercially available is limited and the ducted fan can stall
for off-design conditions. Furthermore, the lip or casing of a ducted fan can be considered as a lifting
surface. When lifting surfaces are in a wind tunnel, corrections for the flow parameters and coefficients
are necessary (Ewald, 1998). Due to the tight schedule, it was decided to proceed with only testing the
ducted fan because it can certainly provide the required thrust even at M = 0.176.

The second step in the design process is deciding a suitable electric motor compatible with the propeller
blades. The electric motor has to handle the required RPM and torque derived from the required thrust.
There are several commercially available electric motors from companies such as Maxon motors, Hacker
motors etc. The required torque can be retrieved from the performance data sheets of the propeller. To
investigate the effects of boundary layer ingestion, pressure scans and PIV at the inlet and outlet planes
of the propulsor are necessary. During the design process it was considered to have a long shaft between
the motor casing and the fan itself in order to provide good optical access for PIV and for pressure
measurements. Ultimately, due to the high RPM and torque requirements it was not possible to include
such a shaft.

The motor has to be connected to a compatible electronic speed controller (ESC). This controller is an
electronic circuit that controls and regulates the speed of the electric motor. The next step in the design
process is the casing around the motor, ESC and load cell. DNW specially designed a casing for the
motor, ESC and fan. Figure 5.15 shows the designed casing for the propulsor. One can observe that the
green coloured casing has cooling ribs designed for cooling down the motor. The ESC is located at the
end of the casing in the jet of the propulsor. It is necessary for the ESC to have cooling which is provided
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by the jet coming from the the propulsor. The fully built model is shown in Figure 5.18. The load cell,
indicated as a blue rectangle is connecting the casing of the propulsor with the strut. This means that
the load cell will measure thrust of the propulsor, excluding the strut drag but including the drag of the
casing. This is disadvantageous since the net thrust is preferred to be measured rather than the gross
thrust.

Figure 5.15: Housing of the propulsor including strut

3.2 Isolated body

In this section the final design of the fuselage is presented. The fuselage or body consists of several parts.
The parts of the body were printed using a 3D printer (Ultimaker 3 and 5), Figure 5.16 shows the side
perspective of the body mounted on its strut. The material used for 3D printing is polylactic acid (PLA).
These parts were assembled by DNW and special attention was given to the connections between parts.
The permissible limit of variation, or tolerances, for the 3D printing parts made it difficult to fit them
together. Therefore sanding was required at the connection points between parts. The 3D printed surface
of the body is rough, therefore transition from a laminar boundary layer to a turbulent boundary layer
is expected to occur, avoiding boundary layer separation. Moreover, there is no need for a zig-zag tape
due to this high surface roughness.
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Figure 5.16: Side view of body mounted on the strut and rails

The inside of the body is visible in Figure 5.17, where the load cell, its cabling and the strut can
be observed. During the assembly it is important to correctly align the body with the tunnel before
calibrating the load cell. The alignment was carried using a laser alignment tool. Furthermore, it can be
observed that there is a clear separation between the body strut and the body itself making the division
between the metric and non-metric parts. The load cell calibration is shown in Appendix B.

Figure 5.17: Inner structure of the fuselage
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3.3 Isolated propulsor

The final design of the propulsor is presented in this section. The propulsor was constructed and designed
by DNW. Because of the time constraints, it was decided to order commercially available parts instead
of fully designing and manufacturing the propulsor. Figure 5.18 shows the ducted fan including the strut
and casing. The main elements of the propulsor are:

e Stream-Fan 120/700

e Motor E50-M 3D

e ESC: MasterMezon 135 opto

e Casing and strut constructed and designed by DNW

Figure 5.18: Electric ducted fan over the strut

The ducted fan is a Stream-Fan 120/700 from Hacker Motors. During the first tests with the ducted
fan, large vibrations were observed when the tunnel velocity was above 40m/s at zero RPM. One of the
possible causes for these vibrations was the inlet lip design. The inlet lip was assumed to be the cause
of vortex shedding which in turn could cause the onset of mechanical vibrations over the whole system.
Thus, the inlet lip was re-designed by enclosing the ducted fan. The final design with the additional
designed cover is shown in Figure 5.19.
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Figure 5.19: Side perspective of propulsor

The motor chosen is a E50-M 3D from Hacker motors shown in Figure 5.20a. This motor is capable of
providing up to 41670RPM. The motor is connected to the electronic speed controller, the MasterMezon
135 opto presented in Figure 5.20b. An additional safety power switch is included at the back of the
propulsor casing as shown in Figure 5.21b. If the safety switch is removed then the propulsor receives no
power.

The load cell connecting the strut and the casing can be seen in Figure 5.21a. There is a small gap
present between the motor casing and strut, separating the metric and non-metric part.

(b) MasterMezon 135 opto (Hacker Brushless motors,
2019)
(a) Motor E50-M 3D (Hacker Brushless motors, 2019)

Figure 5.20: Motor and high speed controller
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(a) View of the load cell and gap between the metric and
non-metric world

(b) Safety switch

Figure 5.21: Position of the load cell and safety switch on the propulsor

3.4 Isolated propulsor with upstream strut

The main goal of having the strut upstream, exactly at the position where it would be if the body is
there, is to confirm whether corrections are needed to be applied due to the strut-wake interference. The
same strut used with the fuselage is used in this case but an aerodynamically shaped hat is added on top
of the strut. The propulsor with the upstream strut can be seen in Figure 5.22a, and a top view of the
upstream strut can be seen in Figure 5.22b.
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(b) Top view of the upstream strut

(a) Isolated propulsor with upstream strut

Figure 5.22: Isolated propulsor with upstream strut

3.5 BLI and WI configuration

The integrated configuration consisting of the body and propulsor, specifically the BLI configuration is
depicted in Figure 5.23. The closest distance between the propulsor’s hub and the trailing edge of the
fuselage is of 7.8cm, where the distance between the FHP’s tip and the trailing edge is 1.5¢m and the
distance between the FHP’s tip and the propulsor’s hub is 6.3cm as represented in Figure 5.24. An extra
measurement is also carried at relative distance of 10.8cm, the distance between the trailing edge of the
body and the five-hole probe was kept constant while the propulsor has moved back by 3c¢m. One can
also observe in Figure 5.23 the yellow wing which carries the five-hole probe in the back.

Figure 5.23: Integrated system: BLI configuration
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Figure 5.24: Distance between the trailing edge of the fuselage and the FHP (1.5 ¢m) and the distance
between the FHP and the propulsor’s hub (6.3 cm)

The WI position was found by measuring the static pressure behind the isolated body until it recovers.
In this way, there is no pressure interaction between the body and the propulsor. The results of this
experiment are explained in Chapter 6 Section 1, where the distance between the propulsor’s hub and
the trailing edge of the body is 0.60 m. The two different integrated configurations: BLI and WI can
be seen in Figure 5.25a and 5.25b. The distance between the five-hole probe and propulsor’s hub is kept
constant through out the experiment.

S NS SN
(a) BLI configuration (b) WI configuration

Figure 5.25: BLI and WI configurations

4 Instrumentation and data processing

The instrumentation depends on the quantities to be measured in order to answer the research questions.
The final quantities needed are the mechanical flow power Px given in equation 3.1, the jet dissipation
@, given in equation 4.7, which in turn makes it possible for computing the propulsive efficiency 7,
given in equation 4.8 and lastly the Power Savings Coeflicient equation 3.7. The necessary quantities
measured are summarized in Table 5.3.
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Table 5.3: Measured quantities

Quantities | Description Instrument

Dt Free-stream total pressure WT instruments

P Free-stream static pressure WT instruments

Voo Free-stream velocity WT instruments

Poo air density WT instruments

Too Free-stream temperature WT instruments

Tioo Free-stream total temperature WT instruments

Moo Mach number WT instruments

P Total pressure at control surface Five-hole Probe

Ps Static pressure at control surface Five-hole Probe

v Flow velocity (including angles) Five-hole Probe

at control surface

Torop Thrust of the propeller Load cell

Dyoay Body drag Load cell

RPM Revolutions per minute of the propulsor | Jeti kontroler Master MEZON 135 OPTO MM-135-O

TFHP,YFHP,
ZFHP

Position of the five-hole probe

WT instruments

Tbody

Position of the body

Rail system

Tpropulsor

Position of the propulsor

Rail system

Pr Electrical power input Derived from eq.
J Advance Ratio Derived from eq.
p Density at control surface Derived from eq.
T Temperature at control surface Derived from eq.
M Mach number at control surface Derived from eq.
Qoo Free-stream dynamic pressure Derived from eq.

The total pressure and total temperatures are measured at the beginning of the contraction with four total
pressure probes and four temperature probes at each corner. The static pressure is also measured with
four static pressure probes are installed at the end of the contraction in each corner. The temperature
is also measured before the flow straightener with two thermocouples in the center. The density of free-
stream is computed using the ideal gas law and is corrected for humidity. The probe traverse wing that
holds the five-hole probe is capable of measuring the position and is transmitted to the control room.
The control surface measured around the propulsor is depicted in Figure 5.26, where the top view of
the propulsor is shown and the control surface is marked by a dotted line. At the control surface the
quantities needed are the total/static pressures and the flow velocity including its angles. Therefore, a
five-hole probe was used since it can provide all these quantities. Three different planes are defined: inlet,
side and outlet planes presented in Figure 5.26. At the inlet of the propulsor two cases were measured
one at a distance of 6.3 cm from the propulsor’s hub and another one at 9.3 cm of the hub. Due to
safety concerns it was not possible to get closer to the inlet of the propulsor. In addition, it was not
possible to measure all the outlet plane up to the motor casing due to safety concerns. These missing
points are then extrapolated. The problem of using a five-hole probe is the flow distortion it produces,
also noticeable changes in load cell measurements are found when the five-hole probe moves around the
control surface. Initially PIV measurements were also aimed to be performed since it is a non-intrusive
method of studying the flow field, unfortunately, the laser did not work properly. In Appendix C a short
description of the PIV set-up is shown. Again, only one line is measured around the control surface since
the assumption is that the flow is axisymmetric.

The electric power (PE) is obtained by measuring the voltage and current using the Jeti controller Master
Mezon 135 Opto located near the motor. A second analogue current measurement is done by measuring
the voltage drop over the minus 52V line 75mm2 copper from the power supply to the Jeti controller.
This second current measurement provides a more accurate measurement compared to the result from
the Jeti controller. The Jeti controller rounded the current to the nearest integer, while in this second
method 2 extra decimals are obtained. Furthermore, the temperature of the tunnel varied (more than
30 degrees Celsius) therefore temperature corrections are necessary in order to find the proper electric
power. This is explained more in detail in Chapter 6 section 2.
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Figure 5.26: Top view of the ducted fan showing the points where the five-hole probe measures and three
planes are defined: inlet, side and outlet planes. Note at the outlet plane it was not possible to measure
up to the motor casing, the missing points are extrapolated

Without the inclusion of the PIV measurements, the processing of the data is fairly straight forward.
DNW processed the core parameters with their own system applying corrections when deemed necessary.
These parameters are then processed using MATLAB to obtain the power terms and propulsive efficiency.
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Chapter 6

Results

The results are summarized in this chapter. Firstly, the results of the isolated body configuration are
shown in section 1, then the results of the isolated propulsor (also including the upstream strut) are
detailed in section 2. Lastly, the BLI and WI configuration results are presented in section 3.

1 Isolated body configuration

The first configuration tested during the test campaign is the isolated body, in order to obtain its drag at
the chosen Mach number M = 0.176. Then, the drag at this condition is used as an input for the thrust
of the isolated propulsor case.

First, the tunnel wind speed was increased from 0[m/s] up to 65[m/s| in steps of 5[m/s] and then
decreased to zero in coarser steps. Figure 6.1a shows the drag coefficient against Reynolds number and
6.1b the drag against flow velocity. Carefully examining Figure 6.1b one can observe a quadratic behavior
of the body drag against flow velocity. The theoretical definition of drag seen in Equation 6.1 confirms
this behaviour, since the drag is proportional to the square of flow velocity.

1
D= 5pV%s*meD (6.1)

Where p is the air density, V' is the flow velocity, Sy.s is the reference surface area and Cp is the drag
coefficient. Figure 6.1a presents the drag coefficient against Reynolds number including the uncertainty
of the measurements. At Reynolds numbers lower than 3.8 - 10° a difference can be seen in drag co-
efficient when the Reynolds number (or flow velocity) was increased or decreased. One of the possible
reasons of such difference is the increase in uncertainty found at low Reynolds numbers. Furthermore,
another cause of this difference in drag coefficient is due to a different transition location from laminar to
turbulent flow. The transition location is influenced by several factors: Reynolds number, pressure gradi-
ent, sound, surface vibrations, surface heating/cooling, surface roughness etc. The boundary layer starts
being laminar at low Reynolds numbers and with increasing Reynolds number this steady laminar flow
becomes unstable. Then, unsteady Tollmien-Schlichting waves appear and grow inside of the boundary
layer (Schlichting & Gersten, 2016). These waves break down into turbulence (transition) which leads to
drastic changes in the boundary layer behaviour. It is worth to note that any type of instability could
force the flow to become turbulent. There are methods such as transition strips which force the flow to
become turbulent. The conditions are different for the case in which the starting point is a high Reynolds
number and the flow is already turbulent. When decreasing the Reynolds number, the transition location
from turbulent to laminar is different due to the flow already being turbulent and unstable. Therefore, a
smaller Re is needed for the flow to become laminar again.
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(b) Body load cell measurements showing the body drag

(a) Body drag coefficient against Reynolds number against wind tunnel flow velocity

Figure 6.1: Isolated body configuration load cell results

The tunnel free-stream Mach number is set at a chosen condition M = 0.176 and the drag measured is
8.1[N]. The results of the measurements and the general data of the fuselage are summarized in Table
6.1.

Table 6.1: Isolated body data

L [m] | Maximum diameter [m] | Mach number | Body drag [N] | Wake radius [m]
1.5 0.23 0.176 8.1 0.08

At the non-accelerated condition the body wake was measured with a five-hole probe. Two different
measurements were performed:

1. Measurement of the body wake shape at a distance of 15 mm from the trailing edge. See Figures
6.2 and 6.3.

2. Measurement behind the trailing edge on how the wake develops and choose the position at which
the static pressure recovers. See Figure 6.4a.

Figure 6.2 and 6.3 show that the flow velocities are smaller in the wake of the body that those at free-
stream. The velocity in the wake can be represented as a Gaussian function. (Schlichting & Gersten,
2016) These losses in the velocities of the wake develop into a loss of momentum which is due to the drag
of the fuselage. From Figure 6.2 the wake radius is approximately 0.08m. This value seems to fall within
the expect range of values, since the estimated wake radius is 0.065m.

The axisymmetry of the flow can be investigated from Figure 6.3b where right, left, up and down are
the directions where the five hole-probe were measured. The directions can be better understood from
Figure 6.3a and Figure 5.6. From Figure 6.3b can be concluded that the largest difference can only be
found when analyzing the "down" curve. This curve does not reach free-stream condition compared to
the other directions due to the wake of the body’s strut. The flow velocity used as a reference is the
furthest away point measured from the center of the body with the five-hole probe.
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Figure 6.3: Isolated body configuration: FHP measurements at the trailing edge of the body at M=0.176

The static pressure behind the body was measured using the five-hole probe, instead of moving the probe
downstream, the body was moved upstream. The reason for this is that the probe traverse had limited
range in the streamwise direction and it was possible to move the body using the rail system. Figure
6.4a shows the variation of static pressure against the body trailing edge position in tunnel coordinates,
the body moves from 0.7m to 0.1m approximately. It can be observed that the pressure recovers to
free-stream, thus defining the wake ingestion position, at a distance between the trailing edge and the
five-hole probe of 0.6m. This position is chosen such that there is no pressure field interference between
the body and the propulsor. The spread of the wake increases with distance from the body and the
differences between wake velocity and that of free-stream become smaller.

Furthermore, during these tests there were also balance measurements. Figure 6.4b shows the drag of
the body decreasing when shifting the body upstream. In order to understand the cause of this difference
in body drag several hypotheses were tested. Firstly, it was checked whether the body was misaligned
when moving upstream. In the most upstream position the body alignment was checked using a laser
alignment tool. The laser did not show any misalignment. A second hypothesis is a hysteresis effect on
the load cell since the measurements were taken one after another. Therefore, load cell measurements
were conducted starting from with the body at the most upstream position using the same weights used
during the load cell calibration, showing the correct measurement. Moreover, the measurements were
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repeated but similar results are found.
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Figure 6.4: Measurement of the static pressure behind the isolated body by translating the body upstream
(starting from 0.7 m moving to 0.1 m), while the five-hole probe stays in the same position. Reduction
in body drag is observed when translating the body upstream.

If the pressure and drag are non-dimensionalized into the pressure and drag coefficient, the results are
shown in Figure 6.5a and 6.5b. The drag coefficient is supposed to be constant but a decrease in drag
coefficient is seen in Figure 6.5b. The observable jump in drag coefficient is due to stopping the wind
tunnel and re-starting it again. This jump is not observed when repeating the measurements as depicted
in Figure 6.6. Therefore, the act of re-starting the wind tunnel did affect on the load cell measurements.
The load cell readings could be influenced by the past measurements, having a hysteresis effect.
Furthermore the pressure coefficient does not recover to free-stream values. In an empty tunnel at
M = 0.176, the five-hole probe measures a different static pressure compared to the free-stream case
P — P, = 82[Pa]. If this difference is added as a correction, Figure 6.5a shows that the pressure
coefficient closely falls around 0, thus recovering to free-stream condition.
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Figure 6.5: Five-hole probe measurements behind the fuselage
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Figure 6.6: Extra run: Repeated balance measurements of the isolated body when translating upstream
and downstream

Another possible explanation for the change in load cell measurements is the pressure gradient inside
the test section shown in Figure 6.7. The trailing edge of the body was initially positioned around
Ziunner = 0.8[m] and it was shifted almost 0.7[m] upstream to Ziynner = 0.1[m]. The leading edge of the
body reaches Ziunner = —1.4[m] in the most upstream position. In the top side of the figure one can
observe the body position for both the most upstream position and downstream position. Shifting the
body upstream means that there is a propulsive effect acting on the fuselage (the pressure on the trailing
edge is higher than on the leading edge). If the pressure gradient is varying over the position, this effect
influences the load cell measurements. Since the exact pressure data was not available no corrections to
the measured data have been applied.
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Figure 6.7: Axial static pressure variation along the streamwise direction in the wind tunnel test section
(DNW internal report, n.d.)

An unlikely explanation for this behaviour is the interaction between the five-hole probe, the traverse
wing and the body. When the drag of the isolated body without any influence of the five-hole probe is
measured the drag found is 8.1[N]. For the experiment where the body moves upstream, the drag of the
body returns to 8.1[N] when it is at its most upstream position. This could be due to the diminishing
interaction. The influence of the five-hole probe with the balance readings can also be seen for the other
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configurations. The results for these are shown in the following sections. However, from a physical
perspective when the five-hole probe is directly behind the body, the static pressure behind the body
should increase, thus leading to a decrease in drag.

2 Isolated propulsor

The first test with the isolated propulsor is the balance measurements for a range of RPM and flow
velocities. The flow velocities tested were 0, 20, 40 and 60m/s. At each flow velocity the RPM was
increased and then decreased up to a high enough thrust measured. Since the drag of the body is 8.1V
at the unaccelerated condition and at M = 0.176 it was not necessary to obtain thrusts higher than
20N. The reason for these tests is to understand the capabilities of the propulsor, since the capabilities
at different flow velocities were unknown (only the static performance is known from the manufacturer).
Figure 6.8a shows the balance readings (thrust of the propulsor) against RPM for different flow velocities.
When testing at 40[m/s] or higher flow speeds the propulsor would start shaking, probably due to the
vortex shedding of the casing. Therefore as a safety precaution the propulsor would be set at a high RPM
before turning on the wind tunnel. That is the reason why in Figure 6.8a at 60m /s measurements with
low RPM are not observed. The thrust can also be non-dimensionalized as the thrust coefficient, defined

in equation 6.2:
T,

Cr = e (62)
%poo VDZO Sref

Where T}0p is the propulsor’s thrust, p is the free-stream air density, Vo is the free-stream flow velocity

and Syey is the model’s reference area. Another important parameter is the advance ratio J defined as:

g Ve (6.3)

NDprop

Where n is defined as the revolutions per second and D,,,, as the propulsor’s diameter. The thrust
coefficient can then be plotted against the advance ratio as depicted in Figure 6.8b. One can observe
that the propulsor’s thrust coefficient (Cr) decreases with increasing advance ratio and the differences
between the flow velocities are relatively small.
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(a) Propulsor’s thrust measured with a load cell varying(b) Propulsor’s thrust coefficient (Cr) variation against
against RPM for different flow velocities advance ratio (J)

Figure 6.8: Variation of thrust and thrust coeflicient for the isolated propulsor configuration

The electric power Pr measured for the isolated propulsor configuration for a varying range of RPM is
depicted in Figures 6.9a and 6.9b. In these figures one can observe the increase of electric power with
increasing RPM. During the test campaign the temperature of the tunnel varied significantly, from 20
degrees up to 50 degrees. The resistance of the cabling is temperature dependent, thus with these large
variations of temperature the electric power measured has to be corrected. The electric power can be
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corrected by correcting first the current measured. The conductors resistance R can be corrected using
the following relation:

R=Rye;(1+a(T —Thep)) (6.4)

Where R,.y = 4 is the reference resistance of copper at 20 degrees Celsius, « is the temperature
coefficient of resistivity at 20 degrees (for copper o = 0.0039[1/K]) and Ty is the reference temperature
Trep = 298.158K.

This correction is applied to the power measured, the differences between the corrected and uncorrected
electrical power can be observed in Figure 6.9a. When corrected, less power is measured for the same
RPM. Furthermore the electric power can be non-dimensionalized (see equation 3.3) and can be plotted
against the advance ratio as shown in Figure 6.10. Since the electrical power coefficient is inversely
dependent on the cube of the flow velocity (see equation 3.3) and the advance ratio depends on the flow
velocity, the electric power coeflicient decreases with increasing advance ratio. Furthermore, it can be
observed that at Vo, = 207 the power coefficient is higher than at the other two flow velocities. The most
probable cause for this difference is that the input electric power to the propulsor is measured instead of
the shaft power. The conversion of electric power to shaft power can be inefficient at low flow speeds,
thus there may be a certain threshold that has to be overcome for it to deliver the same shaft power.
The input electric power does not interact with the flow, on the other hand the thrust is dependent on
the flow conditions thus in Figure 6.8b no difference is observed at Vi, = 207".
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Figure 6.9: Electrical power measured against RPM for the isolated propulsor configuration
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Figure 6.10: Electric power coefficient variation against the advance ratio for the isolated propulsor
configuration

Five-hole probe measurements

The FHP measurements were carried at the unaccelerated condition and at M = 0.176. Before starting
the measurements of the FHP around the control surface, the thrust of the propulsor is set to 8.1[N] with
the FHP positioned far away from the configuration in order to avoid any interference from the FHP
with the flow. Once the thrust is set to 8.1N the FHP measurements begin. Figure 6.11 shows the flow
velocity vectors measured at the inlet, side and outlet planes defined in Chapter 5 section 4 in Figure
5.26. At the inlet of the propulsor the flow velocity is close to the free-stream values since the propulsor
is ingesting free-stream velocity. At the side plane, the flow velocity vector is influenced by the nacelle of
the propulsor thus causing the flow to gain an angle. At the outlet plane, the flow velocity remains close
to free-stream outside of the jet of the propulsor where the flow velocity increases. In addition, the wake
of the nacelle can be observed around y = 0.07m.
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Figure 6.11: Flow velocity measured around the propulsor with the FHP. On the left hand side uniform
flow is observed. On the right hand side the jet flow velocity is observed for y < 0.06 [m]

The axial flow velocity at the inlet, side and outlet planes are depicted in Figures 6.12a, 6.12b and 6.13a.
The propulsor radius Rprop = 0.06[m] is used as a reference in order to non-dimensionalize the distance
for the inlet and outlet planes. For the side plane (Figure 6.12b) the distance is non-dimensionalized by
the total length the FHP translates in the streamwise direction: |X| = 250mm (see Figure 5.26). At the

Alan E. Voogd 45 M.Sc. Thesis



CHAPTER 6. RESULTS Isolated propulsor

inlet the flow velocity is lower near the hub and larger further away from the hub. The reason for this is
that the hub itself stagnates the flow in front of it. On the other hand at the side plane there is a slight
variation of axial flow velocity due to the fan casing flow blockage.
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(a) Axial flow velocity u at inlet plane for both distances
(9.3 cm and 6.3cm). The flow flow stagnates at the hub
the effects are larger for the closer plane (6.3 cm)

(b) Axial flow velocity variation at the side plane caused
by the nacelle of the propulsor

Figure 6.12: Isolated propulsor configuration: flow velocity variation at inlet and side planes

Figure 6.13a shows the measured flow velocity at the outlet plane including extrapolated data. From
Figure 5.26 it can be seen that at the outlet plane the last 11mm are not measured. These missing
measurements are extrapolated assuming that the velocity and pressures remain constant. The reason
for assuming these values as constant is due to the small boundary layer of the motor casing and that
there is no theoretical model or CFD available to estimate the values. The boundary layer thickness of
the motor casing has been approximated by the thickness of a turbulent boundary layer over a flat plate:

0.37z
Rel/5
The results of this equation shows a boundary layer thickness of approximately 1.5mm. Since the bound-
ary layer is small the parameters such as flow velocity and pressure are assumed constant.

This extrapolated data is quite important when computing the power terms from the power balance
method as it will be shown later in this section. In Figure 6.12b one can observe the wake of the nacelle
around prmp approximately 1 and 1.2, since the flow velocity decreases. Below prmp = 1 the velocity
increases rapidly since the jet of the propulsor is measured. The total pressure depicted in Figure 6.13b
at the outlet plane also shows similar behaviour as with the axial flow velocity.

5plate = (65)
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Figure 6.13: Isolated propulsor configuration: outlet plane axial flow velocity and total pressure

Extra measurements were carried at the inlet of the propulsor in order to check the axisymmetry of the
flow, similarly to the measurements behind the TE of the body shown in Figure 5.6. Figures 6.14a and
6.14b show these measurements and they all follow the same behaviour as expected. The measurements
for the top side were stopped at a smaller distance than the others because the wing that carries the five
hole probe could not move further upwards. Again, the flow is stagnating at the propulsor’s hub and

increasing in velocity further away from it.
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Figure 6.14: Comparison of inlet measurements at 6.3 cm from the propulsor’s hub in order to check

axisymmetry

When measuring with the five-hole probe around the control surface, the balance readings were affected
by its presence. Figure 6.15 shows the variation of around 4.5 % in load cell measurements at the outlet
plane when the five-hole probe translates in the radial direction. The thrust starts to decrease when it
is in the jet of the propulsor (r/R < 1). A plausible cause for this variation is that the five-hole probe
could trigger flow separation, thus increasing the drag and reducing the thrust measured.
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Figure 6.15: Load cell measurements of the propulsor when the FHP is traversing the outlet plane

The power terms from the power balance method of the isolated propulsor are computed and summarized
in Table 6.2. These terms are computed assuming that the flow is axisymmetric. Therefore, the surface
integrals can be expressed as shown in equation 6.6:

radius
//dS:/ 2mydy (6.6)
0

The table is divided in 2 cases: the isolated propulsor where the inlet plane is measured at 9.3 or 6.3 cm
from the hub. The net streamwise force in this case is the thrust measured 8.1N which in turn is equal to
the body drag at M = 0.176. The mechanical flow power at the inlet plane slightly differs comparing the
two cases and is relatively small compared to the outlet plane which is at the jet of the propulsor. The
side plane does not add any meaningful mechanical flow power to the total sum as expected. However if
the propulsor was an open rotor then it may be non-negligible.

Table 6.2: Isolated propulsor power terms

Configuration | Isolated prop (9.3 cm) | Isolated prop (6.3 cm)
Pg [W] 2070 2070

Cp, 0.3702 0.3702

Cry 0.2694 0.2749

Cs,,, 0.0466 0.0466

F, [N] 8.1 8.1

Cp, inlet 0.015 0.016

Cpy side -1.45E-05 -1.20E-05

Cp, outlet 0.2535 0.2535

The propulsive efficiency and overall efficiencies are shown in Table 6.3. The propulsive efficiency (,) is
around 83% and the three centimeters difference between inlet planes is negligible. The overall efficiency
(1) found is between 73% and 74% for the isolated propulsor case.

Table 6.3: Isolated propulsor: total and propulsive efficiency

Configuration Mp No
Isolated prop (9.3 cm) | 0.83 | 0.73
Isolated prop (6.3 cm) | 0.83 | 0.74

2.1 Isolated propulsor with upstream strut

The isolated propulsor including the upstream strut was tested with the same procedure used with the
isolated propulsor configuration. Firstly, the RPM is varied at M = 0.176 and the propulsive force
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generated by the propulsor is measured with the load cell. From these measurements the thrust and
power coefficients can be computed against the advance ratio. Figure 6.16 shows that there are no
large variations of thrust coefficient nor power coefficient between the isolated propulsor and the isolated
propulsor including the upstream strut.
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Figure 6.16: Thrust variation due to the presence of the five-hole probe at outlet plane

Five-hole probe measurements

The five-hole probe measurements were carried at the unaccelerated condition and M = 0.176. Unlike
the isolated propulsor case, these measurements were performed twice but on opposite ends, they are
a "mirror" from each other. They are named "left" (port side) and "right" (starboard) following the
naming convention of Figure 5.6. Therefore, one expects that these measurements are the same for both
planes since they should be symmetric. The mirror measurements were performed at the inlet, side and
outlet planes. Insignificant differences between left and right measurements can be observed with the
flow velocity measurements at the inlet and side planes, shown in Figures 6.17a and 6.17b. At the inlet
plane, the top and bottom were also measured to check axisymmetry of the flow. Figure 6.17a shows a

lower flow velocity measured for the bottom side at a2 " — < 1.2 caused by the wake of the upstream strut.
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Figure 6.17: Inlet and side planes flow velocity of propulsor with upstream strut
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Large differences (up to 24%) between the starboard and port side are found at the outlet plane flow
velocity presented in Figure 6.18. Furthermore, another important term to investigate is the total pressure
difference with respect to free-stream P, — P;_ since it is relevant to the computation of the mechanical
flow power, see equation 3.1. Figure 6.19 shows the total pressure difference at the outlet plane, these
differences are smaller than 1%. The largest differences in flow parameters between left and right are
observed at the outlet plane. These differences at the outlet plane change significantly the outlet power
terms such as Cp, outlet and ®;.; as can be observed in Table 6.4. The plausible causes for these
differences at the outlet plane can be:

e The flow is not axisymmetric due to the stators of the ducted fan not perfectly recovering the swirl
of the flow. Also, the slipstream of the propulsor could be impinged on the strut magnifying the
differences between both sides.

e The total pressure is measured using the center hole of the FHP directly instead of deriving it.
However, the total pressure is only sensitive to flow angles larger than 45° (E.M. Houtman &
Banning, 1989), in this case relatively small angles are observed, see Figure 6.20. The angle of
attack o and angle of side-slip are defined in Figure 6.21. The angle of attack o could also be
represented as an azimuthal angle at 90 degrees varying around 5 degrees.

e The propulsor itself could be slightly misaligned with the free-stream flow. Similarly, the five-hole
probe could also be slightly misaligned with the flow.
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Figure 6.18: Variation of flow velocity at the outlet plane of propulsor with upstream strut
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Figure 6.21: Five-hole probe angle definition

The results of the power analysis are shown in Table 6.4. In this table four different cases were analyzed
since the inlet plane was measured at two different distances from the hub (6.3cm or 9.3cm) and mea-
surements were carried out at the right side and left side of the propulsor.

The mechanical flow power Cp, and jet dissipation (®;¢;) show significant differences between left and
right. These differences are due to the large velocity differences encountered at the outlet plane. Since the
mechanical flow power and jet dissipation are required to compute the propulsive efficiency, the propulsive
efficiency also shows these differences between left and right. The computed propulsive efficiency is 83%
for the right (starboard) side as shown in Table 6.5, being the same for the isolated propulsor configura-
tion and 77% if the left measurements are used for computations. When comparing the starboard side
flow measurements, insignificant differences are found between the isolated propulsor configuration and
the isolated propulsor with upstream strut configuration. The electric power stays consistent across all
cases since it does not depend on left and right measurements.

Table 6.4: Isolated strut including upstream strut results: power terms

Configuration Propulsor + strut | Propulsor + strut | Propulsor + strut | Propulsor + strut
(6.3 cm) right (6.3 cm) left (9.3 cm) right (9.3 cm) left

Py [W] 2133 2133 2135 2096

Cpg 0.3631 0.3631 0.3585 0.3617

Cpy 0.2507 0.1768 0.2471 0.1765

Co,,, 0.0424 0.0383 0.0431 0.0404

F. [N] 8.12 8.12 8.08 8.12

Cpy inlet 0.0086 0.0136 0.0021 3.67E-05

Cpy side 8.10E-05 1.03E-04 1.23E-05 3.38E-05

Cp, outlet 0.242 0.1631 0.25 0.1765

Table 6.5: Propulsive and overall efficiency for the isolated propulsor including upstream strut configu-

ration
Configuration Mp Mo
Isolated prop + strut (6.3 cm) right | 0.83 | 0.69
Isolated prop + strut (6.3 cm) left 0.78 | 0.49
Isolated prop + strut (9.3 cm) right | 0.83 | 0.69
Isolated prop + strut (9.3 cm) left 0.77 | 0.49
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3 Integrated system

In this section the results of the integrated systems (BLI and WI configurations) are presented. The first
test is to study the performance of the propulsor in the boundary layer ingestion and wake ingestion
configurations. At M = 0.176 the RPM of the propulsor is varied and the thrust and electric power
are measured. The results are shown in Figure 6.22 where the electric power coefficient Cp,, (defined in
equation 3.3) is plotted against the coefficient of net force C,. In the isolated propulsor case where the
body is not present, the net streamwise force is defined as difference between the thrust coefficient and
the body drag coeflicient: C, = W = Cr — Cp,,,,- The body drag coefficient is obtained from
the previous isolated body measurements.

The electric power in the wake ingestion case is corrected since the drag of the body decreases when
translating upstream, thus less power is required. Therefore, assuming a constant body drag coefficient,
an equivalent electric power coefficient can be obtained by introducing an equivalent free-stream flow
velocity. Figure 6.22 shows the corrected and uncorrected electrical power coeflicient. In the next figures,
only the corrected electric power coefficient is shown.

If the electric power consumed in the BLI and WI configurations is compared with the isolated propulsor
configuration, less electric power for a given net force is required. A power savings of 29.0% =% 2.9% is
found for BLI configuration while a 24.3% 4 2.9% is found for the WI configuration for the unaccelerated
condition C;, = 0. It can also be seen that BLI and WI consume less electrical power for the entire
C, range. The results can be compared to similar experiments from literature where an axisymmetrical
fuselage is placed in front of the propulsor:

e Carrier, Atinault, Grenon, and Verbecke (2013) performed a similar study of an axisymmetrical
body with a propulsor behind it. They tested the propulsor at two distances from the trailing edge
of the body: at 50 mm and 200 mm. At 50 mm the power savings is 22% and at 200 mm it is
approximately 19%.

e Sabo and Drela (2015) found a power savings coefficient up to 29% and the power savings decreased
when the propulsor is moved downstream away from the trailing edge of the fuselage.

e P. Lv, Ragni, Hartue, Veldhuis, and Rao (2017) found power savings in the BLI configuration of
18 £ 1.4% and for the WI configuration 10 4 1.4%.

The results in literature shows significant variance, but overall a positive benefit is found.
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Figure 6.22: Results for the three different configurations (Cp, vs C;) at M = 0.176

The electrical power coeflicient variation with advance ratio for all three configurations are shown in
Figure 6.23a. Nevertheless, it is difficult to conclude anything since the error bars overlap between the
curves. On the other hand, the thrust coefficient can also be plotted against the advance ratio, shown in
Figure 6.23b. In this figure a larger thrust coefficient for a given advance ratio can be observed for the
BLI and WI configuration compared to the isolated propulsor case. It is worth to note that the advance

ratio is computed using the free-stream flow velocity.
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Figure 6.23: Thrust and power coefficient for all configurations at M = 0.176
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Five-hole probe measurements

The flow velocity axisymmetry was inspected at the inlet of the propulsor in the BLI configuration, by
measuring in all four directions similarly for the isolated body experiment (see Figure 5.6). The results of
these measurements can be seen in Figure 6.24. In this figure the body wake can be observed, the velocity
grows from the center of the propulsor towards the edges reaching free-stream values. Furthermore, the
propulsor’s hub also has an influence in the flow similarly to the isolated propulsor case (see Figure
6. 12a) On the other hand, significant differences can be observed for the "bottom" measurements around
= 1.2. The reason for these differences is the wake of the strut of the body. Since the differences

RprOP
become important from %~ = 1.2, the body-strut wake is not ingested by the fan. Furthermore, for the

flow velocity at the left or Ti;port side also shows differences possibly caused by a slight body or five-hole
probe misalignment.
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Figure 6.24: Inlet flow velocity for BLI system at a distance of 6.3 cm from the hub

The five-hole probe measurements were carried around the control surface in both the starboard and port
side, in the same fashion as for the isolated propulsor with the upstream strut. The probe measurements
were carried at the unaccelerated condition at M = 0.176. In order to set the thrust equal to the body
drag, the five-hole probe was first shifted far away from the model such that there is the least interference
possible. Once the unaccelerated condition is set, the five-hole probe measurements around the control
surface begin.

The differences in flow velocity between starboard and port side at the inlet, side and outlet planes are
shown in Figures 6.24, 6.25a and 6.25b.

The variation of the flow velocity at the side plane can be observed in Figure 6.25b and its variation
is much lower relative to the inlet or outlet planes. To further clarify, | X| is the distance the five-hole
probe translates from the inlet plane to the outlet plane X = 250mm. The flow velocity at the side plane
increases and then decreases due to the geometry of the propulsor’s nacelle. The nacelle starts with a
convex shape, thus velocity is accelerated. Then the flow velocity decelerated due to an adverse pressure
gradient.

The largest differences in flow velocity between starboard (right) and port (left) sides are observed (up to
11%) Jo ~ = 1 the flow velocities sharply decrease

at the jet of the propulsor. There is a large ﬂow Veloc1ty gradient, this means than any slight error
or uncertainty in the measurements can lead to a significant difference in flow velocity. The reason of
differences in flow velocity between the left and right planes are due to the aforementioned factors.
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Figure 6.25: Outlet and side planes flow velocity of BLI system

The difference of total pressure P, — P, and flow velocity measured at the control surface are important
terms when computing the mechanical flow power, see equation 3.1. When analyzing the outlet plane
starboard/port-side differences in total and static pressure and flow velocity at the outlet plane can also
be observed. Figure 6.26 shows the total pressure difference with respect to free-stream total pressure at
the outlet plane. These differences between left and right measurements are in the other of less than 1%,
adding uncertainty to the computed mechanical flow power and jet dissipation.

Since the total pressure was measured using the center hole of the five-hole instead of deriving it, possible
uncertainties may arise. For flow angles lower than 45° the uncertainty in measured total pressure is
negligible |Ap?71:fty|m” = 0.004 (E.M. Houtman & Banning, 1989). Figure 6.27 shows the angles of
attack o and slide—slip [ at the outlet plane, the flow angles are clearly lower than 10°.
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Figure 6.26: BLI results: Small differences in total pressure at the outlet plane between the left and right
sides

Moreover Figure 6.27 shows that the angle of side-slip f is not zero for free-stream conditions(for y >
0.6m). This means that the probe is measuring a free-stream that is slightly skewed. Nevertheless,
the most probable cause is that the probe itself is misaligned. This is not seen for the up and down
alignment where the angle o remains zero for the free-stream flow. Furthermore, another contributor
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to the differences between the port and starboard sides is that the stators do not recover the swirl
produced by the propulsor completely. In addition, the slipstream flow could also be impinged on the
strut magnifying the differences between both sides. For this reason the angle of attack « is asymmetric
at the propulsor’s jet (r/R < 1).
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Figure 6.27: BLI results: Angle of attack « and side-slip § at the outlet plane

The WI ingestion configuration is the configuration where there is no static pressure interference between
the body and the propulsor. The propulsor is located 0.6m downstream from the body’s trailing edge. In
this configuration the flow velocity at the inlet plane of the propulsor(see Figure 6.28) is higher compared
to the BLI configuration (Figure 6.24). The velocity is larger because the wake of the body is re-energized
along the streamwise direction.
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Figure 6.28: WI results: inlet plane flow velocity axisymmetry

For the wake ingestion configuration the difference in flow velocity also varies significantly specially at
the outlet plane. Figure 6.29a shows the variation of flow at the outlet plane. Similarly to the isolated
propulsor including upstream strut and the BLI configuration there is a difference between the left and
the right planes. This causes large differences when integrating to obtain the power terms. In addition,
the last measured point at the outlet before extrapolating (and assuming a constant value), shows a
varying trend. Therefore, the assumption of maintaining a constant total pressure or flow velocity for the
extrapolated part leads to higher uncertainty. Again, small differences are found for the total pressure
as shown in Figure 6.29b.
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Figure 6.29: WI results: flow velocity and total pressure at the outlet plane

All these flow measurements were performed at the unnacelerated condition (thrust = drag) and M =
0.176. From these measurements the power terms can be computed. Firstly, the mechanical flow power
can be computed independently for each plane: inlet, side and outlet planes. In this way it is possible
to determine the importance of each side and the relation with other terms such as propulsive efficiency.
The power terms for both BLI and WI configurations are summarized in Table 6.6 (10.8 ¢cm and 7.8 cm
refer to the distance between the trailing edge of the body and the propulsor’s hub).

The mechanical flow power, given by equation 3.1, is dependent on the total pressure difference and the
axial flow velocity. Theoretically for the isolated propulsor case the difference of total pressure should
equal zero P, — P, = 0 at the inlet, thus no mechanical flow power should be found at the inlet plane.
On the other hand for the BLI and WI configurations a total pressure gradient exists, therefore the
mechanical flow power Cp,. becomes a relevant term for these integrated systems. Figure 6.30 shows the
total pressure gradient at the inlet plane for all configurations, the gradient is noticeable larger for BLI
and WI configurations. Furthermore, Table 6.6 shows that Cp, at the inlet has increased compared to
the isolated propulsor case, see Table 6.2. For example, for the BLI configuration (where the distance
between the trailing edge of the body and the propulsor’s hub is 7.8 ¢cm) Cp,, = 0.0722 and for the
isolated propulsor C'p, = 0.015 both measured at the right plane. Therefore, the wake becomes an extra
power input term for the BLI and WI configurations. The mechanical flow power at the side plane is
negligible for all configurations.

However, when computing the mechanical flow power large variations between the left and right planes
are found. These discrepancies come from the variations of flow velocity, total and static pressures as
shown previously in this section. The largest differences in Cp, between left and right are found at the
outlet.
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Table 6.6 and Figure 6.31 show that the jet dissipation has decreased significantly as expected since the
propulsor is filling the wake produced by the fuselage. For instance, for the BLI configuration the jet
dissipation has decreased up to 78% or 73% (depending whether the left or right side is used). The jet
dissipation is the sum of the axial (E,) and transverse (E,) kinetic energy dissipation rate and the wake
pressure-defect (E,). The decomposition can be observed in Figure 6.31 (for the starboard side), where
it can clearly be observed that the axial kinetic energy dissipation rate is the most dominant term. This
term greatly reduces in the BLI and WI configurations compared to the isolated propulsor configuration.
The transverse kinetic energy is small in all configurations and does not play an important role. The
pressure term on the other hand is negative and relatively small for the isolated configuration, but it is
relatively more important for the integrated configurations. It is noteworthy that at the outlet plane, the
small area extrapolated to the casing of the motor is important when computing the power terms. For
the port side the same pattern is observed, the jet dissipation is reduced for BLI and WI configurations.
The electric power is measured each time for every configuration, thus it is possible to also compute
the electric power coefficient and consequently the power savings coefficient. Since the body in the WI
configuration experiences a lower drag, the electric power coefficient has been corrected by assuming a
constant drag coefficient and computing an equivalent flow velocity. This flow velocity is used to compute
an equivalent electric power coefficient.

Table 6.6: BLI and WI power terms

Configuration 3;}1(10.8 cm) 3;}1(7.8 cm) EEI (10.8 cm) EEI (7.8 cm) WI right | WI left
Pg [W] 1459 1441 1449 1454 1444 1512
Cp, 0.2484 0.2752 0.2422 0.237 0.2839 0.2907
Cpy 0.1906 0.1415 0.1251 0.1178 0.1834 0.1288
Co,,, 0.0136 0.0105 0.0118 0.0099 0.014 0.0124
F, [N] 0.03 0.05 0.00 0.07 -0.15 -0.06
C, 0.000 0.000 0.000 0.000 0.001 0.000
Cpy inlet 0.0945 0.0631 0.0818 0.0818 0.0766 0.0881
Cp, side 1.16E-05 1.63E-05 -2.74E-05 1.68E-05 -2.01E-05 | 4.09E-05
Cp, outlet 0.096 0.0783 0.0434 0.036 0.1068 0.0406
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Figure 6.31: Jet dissipation decomposition (starboard side) for isolated propulsor, isolated propulsor
including the upstream strut, BLI and WI configurations

From the electric power and mechanical flow power of the integrated system and the isolated propulsor
configuration the power savings coefficient can be computed. The power savings coeflicients are summa-
rized in Table 6.7. An overall benefit is found, but it does vary quite significantly if computed with the
mechanical flow power. The differences in power savings between left and right are quite significant. This
shows how important it is to accurately measure each quantity.

Table 6.7: Power saving coeflicient

Configuration PSCcp | PSCcp,
BLI (10.8 cm) right | 29.25% 32.90%
BLI (7.8 cm) right | 47.48% | 25.66%
BLI (10.8 cm) left | 53.56% | 34.58%
BLI (7.8 cm) left | 56.27% | 35.98%
WI right 31.92% 23.31%
WI left 52.19% 21.47%

The propulsive efficiency increased 83% up to 93% and is insensitive to what plane or configuration is
measured. The propulsive efficiency is high compared to the 78.9% efficiency found for the D8 double
bubble aircraft (Hall et al., 2017). However, the D8 aircraft only ingested 40% of the boundary layer of
the fuselage. The overall efficiency shows more variance due to the significant discrepancies in mechanical
flow power and jet dissipation.
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Table 6.8: Propulsive and overall efficiency of BLI and WI configuration

Configuration Mp T

BLI (10.8 cm) right | 0.93 | 0.77
BLI (7.8 cm) right | 0.93 | 0.51
BLI (10.8 cm) left 0.90 | 0.52
BLI (7.8 cm) left 0.91 | 0.50
WI right 0.92 | 0.65
WI left 0.90 | 0.44
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Chapter 7

Uncertainty analysis

For any type of experimental study experimental observations always have errors or uncertainties. These
observations are used to calculate a results, but have uncertainties associated with them thus the results
will also have an error that depends on the error of the individual observations. In this section the
propagation of uncertainty is analyzed.

Assume a variable v that depends on N statistically-independent variables x;:

~v = f(a,b,c...) (7.1)

The error of the variable 7 is the root-sum-square of the relative errors of each variable. Note that for
the remainder of this section all observations are considered to be independent, meaning that they are
uncorrelated.

7=\ Dy + Dy + (Dponr.. (7.2

Where o, is the error of the variable v, 0., is the error of variable x; and % is the sensitivity of v with
respect to the variable x;.

To asses the uncertainty of the mechanical flow power, the errors of all measurements have to be prop-
agated to the final metric. Therefore, the mechanical flow power can be re-written as a sum of each
individual measurement:

Px =) Pk, = (P — P )u2nyAy (7.3)
The mechanical flow power depends on four different variables which are assumed to be independent from
each other:

Py = f(P, Py, u,y) (7.4)

The total uncertainty is the root-sum-square of each uncertainty:

opy = /ZJ%}Q (7.5)

Op, = \/ P22 1+ (22K y2(0p 12 4 (Y202 4 (2K )2 g2 (7.6)

Where each term is:

OPtOC ou

In order to obtain the uncertainty of the mechanical flow power, the uncertainties of each of the variables
must be known. The uncertainty for each variable is given by DNW. The uncertainty for the free-stream
total and static pressure which is measured by pressure transducers is 1.35 Pa. The uncertainty of the
tunnel temperature which is measured by temperature probes is 0.03K.

The uncertainty for the quantities measured with the five-hole probe is also given by DNW and the
uncertainty for the flow angles a and [ is one degree and the flow velocity V has an uncertainty of
1.5m/s. The uncertainty of the total and static pressure measured by the five-hole probe is assumed

62



CHAPTER 7. UNCERTAINTY ANALYSIS

to be the same as for the tunnel uncertainty (1.35 Pa), since DNW does not have the uncertainty for
these quantities. The uncertainty for distance y is one millimeter. With this information it is possible to
compute the uncertainty of the mechanical flow power. However, one factor not taken into account when
computing the uncertainty is the error due to the extrapolation in the outlet plane. The uncertainty can
also be written in a fractional manner % giving a percentage as a solution.

In a similar manner, the fractional uncertainty of other derived terms such as the jet dissipation, propulsive
efficiency and electric power can be computed, as shown in Table 7.1.

Table 7.1: Fractional uncertainty in terms of % for the power terms and efficiency

Configuration UP% (%) UPL;(%) % (%) %”(%) S (%)
Isolated prop (6.3 cm) right 2.03 0.70 2.70 0.58 2.15
Isolated prop (9.3 cm) right 2.03 0.68 3.29 0.71 2.14
Isolated prop + strut (6.3 cm) right | 2.03 0.66 2.99 0.62 2.13
Isolated prop -+ strut (6.3 cm) left 2.03 0.86 3.33 0.97 2.20
Isolated prop + strut (9.3cm) right | 2.04 0.67 2.86 0.62 2.15
Isolated prop -+ strut (9.3cm) left 2.04 0.85 2.72 0.85 2.21
BLI (7.8 cm) right 2.08 0.91 4.64 0.33 2.27
BLI (7.8 cm) left 2.09 1.56 4.77 0.51 2.61
BLI (10.8 cm) right 2.08 0.87 1.99 038 | 2.25
BLI (10.8 cm) left 2.09 1.28 4.83 0.54 2.45
WI right 2.08 0.82 5.35 0.44 2.24
WI left 2.08 1.24 4.97 0.54 2.42
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Conclusions

This experimental research investigates the benefits of boundary layer ingestion. Five different configu-
rations are tested: free-stream propulsor, free-stream propulsor including the upstream strut, boundary
layer ingestion (BLI) and wake ingestion (WI). An axisymmetrical body which resembles an aircraft fuse-
lage is employed to study the effects of boundary layer ingestion. The flow terms used in the power balance
method are measured using a five-hole probe, while the forces are measured using balance measurements.
The main conclusions drawn from the analysis of this experimental research are:

e Five-hole probe is employed to investigate the flow power terms for a boundary layer ingesting
system. The power balance method is applied to the flow velocity and pressures obtained from the
five-hole probe.

e Boundary layer ingestion systems require less energy consumption compared to non-BLI systems.
The benefit of BLI is due to the re-energizing of the slower moving BL and wake flow. From the
experimental results it can be observed that there is a reduction of jet dissipation and an increase
in mechanical flow power at the inlet plane. The jet dissipation has decreased up to 78% in the
BLI configuration compared to the non-BLI case.

e The flow ingested by the propulsor in BLI configuration is not uniform. Therefore special attention
is needed regarding the design of the inlet.

e The wake of the body-strut is not ingested by the propulsor, thus corrections are not necessary.

e BLI systems require 29% =+ 2.9% less power when using the electrical power as a reference compared
to a non-BLI system, while WI requires 24% =4 2.9%. The power savings computed using the
mechanical flow power shows more variance from 29.25% up to 56.27%. The reason for this variance
comes from differences in flow parameters (specially flow velocity) found in both left/right planes.
These differences are caused by an asymmetry of the flow. The stators do not recover the swirl
and the slipstream impinges on the propulsor’s strut. In addition, it is possible that there is a
small misalignment of the five-hole probe, body or propulsor with respect to the tunnel. The power
savings computed from the mechanical flow power are not reliable.

e The classical definition of propulsive efficiency is not valid for BLI or WI systems because it exceeds
unity. Therefore several new definitions of propulsive efficiency were elaborated by different authors.
The definition used in this thesis is given by Hall et al. (2017) and is general in nature. With this
definition it can be observed that the propulsive efficiency increases by 8% — 10% for both BLI and
WI configurations compared to the non-BLI configuration. The difference in propulsive efficiency
between BLI and WI is minimal.
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Recommendations

The recommendations are differentiated into two subsections: technical and science recommendations.
The technical recommendations describe the necessary steps for wind tunnel providers or research insti-
tutes to take into account when designing an experiment where the performance of BLI systems is desired
to be measured. It also includes design re-considerations over the experiment carried at the LST. On the
other hand, the science recommendations suggest future topics to expand knowledge about BLI.

Science recommendations:

e The flow measurements were carried with a five-hole probe. The interference of the five-hole probe
with the flow should be investigated. For instance, a non-intrusive flow measurement technique
such as PIV could be performed and compared to a e.g. a five-hole probe rake.

e The mechanical flow power has been investigated for a ducted fan. The mechanical flow power was
only relevant at the inlet and outlet planes. However, in the case of an open rotor the side plane
could be significant, therefore investigating the mechanical flow power for an open rotor should be
considered. This could be an influencing factor when computing the performance of the propulsor.

e The power terms were assessed at the non-accelerated condition, other conditions should also be
tested in order to observe the variation of propulsive efficiency and jet dissipation.

Technical recommendations

e If a customer would like to test their integrated systems with boundary layer ingestion, their
prototypes will (probably) not be an axisymmetric fuselage with a propulsor behind it. The flow
will not be axisymmetric, therefore the complete flow information at the inlet and outlet planes of
the propulsor are needed. Also, as shown in this experiment the flow was asymmetric specially at
the outlet plane. There are two measurement techniques suitable for these tests:

— Particle image velocimetry it is a non-intrusive measurement techinque that can provide the
complete flow field.

— A five-hole probe rotating rake does provide all the necessary terms needed for computing the
power terms. If more accurate pressure measurements are required it could be combined with
a Pitot-static rake.

e Regarding this experiment, the design of the body should be reconsidered, specially the strut/body
interface. The flexible plate bended twice during assembly due to the high torques applied to it.
This also affects the alignment and it may affect the balance readings.

e Body only: At low wind-speeds the body drag coefficient shows a large variance with the data.
This effect should be investigated further: it could be a structural problem (hysteresis) or even flow
separation (unlikely).
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e Reconsider the design of the propulsor. The load cell is not only measuring the thrust of the
propulsor but also the drag of the casing. The propulsor’s hub influences the flow in front of it,
a smaller hub is recommended to diminish these effects. The motor casing should not be directly
after the outlet of the propulsor, since it disturbs the flow and increases the difficulty of measuring
the flow parameters (such as flow velocity and pressure).

e At the outlet plane the measurements close to the motor casing were extrapolated. Since this
extrapolated area is important regarding the computation of the power terms and efficiencies, this
area should be measured to decrease uncertainty.
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Appendix B

Calibration of load cells

The load cell calibration procedure is explained in this section. The body’s load cell is tested by attaching
a rope to the body and connecting it to a set of weights. Figure B.1 depicts the testing procedure. The
weights were added consecutively, then then all the weights are taken off and again added randomly. This
is to avoid any type of bias or hysteresis effect with the load cell. A 10 second integration time is taken
per measurement. Figure B.2 shows the calibration curve comparing the measured values against the
actual values.

Figure B.1: Calibration of the body’s load cell

Figure B.3 shows the set-up for the load cell calibration of the propulsor. The load cell was tested in
the same manner as the load cell of the body. The calibration curve is shown in Figure B.4. It can be
concluded that for both load cells deviate 0.98% from the true value.
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Body load cell measurements
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Figure B.2: Load cell calibration curve

Figure B.3: Calibration of the propulsor’s load cell
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Load cell
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Figure B.4: Load cell calibration curve
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Appendix C

Particle Image Velocimetry

Experimental testing is carried at wind tunnels to understand the flow physics. There are several tech-
niques to measure the flow velocities and they are divided in two groups: intrusive and non-intrusive.
Examples for intrusive measurement techniques are Pitot tubes and hot-wire anemometry. On the other
hand, examples for non-intrusive techniques are laser Doppler velocimetry and Particle Image Velocime-
try (PIV).

PIV consists on the measurement of the displacement of small particles, also named tracer particles, that
are carried by the fluid (air in the case of a wind tunnel) during a short time interval. The tracer particles
must be sufficiently small to precisely follow the air motion and not alter the flow characteristics. The
tracer particles are illuminated by a thin laser sheet generated from a laser (pulsed light source). The
laser light is then scattered by the tracer particles and recorded by a digital camera. Two images are
taken within a short time interval. With these two images the particle’s flow velocity can be determined.
Figure C.1 shows a schematic of a PIV set-up. (Scarano, 2013)

Image
acquisition
system

Figure C.1: Schematic of a PIV system (Scarano, 2013)

For the purpose of this research the three components of velocity were needed. Therefore, stereoscopic
imaging was necessary. Stereoscopic imaging means that there are two simultaneous views (two CCD
cameras for example) on the planar field defined by the light sheet. The advantage of PIV is that it is a
non-intrusive measurement technique, therefore it does not influence the flow characteristics. However,
it does require optical access for the cameras and the light sheet. The test set-up for this experiment
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Figure C.2: Stereoscopic PIV set-up intended for measuring the three components of flow velocity at
inlet and outlet planes of the propulsor

consisted in measuring two planes, one at the front of the propulsor and one at the back, as shown in
Figure C.2. The reason for these measurements is to check the axisymmetry of the flow and validate the
five-hole probe measurements.

With the rail system, the entire configuration can be shifted upstream or downstream. Thus, there is no
need to set-up and calibrate the PIV cameras several times. Since setting up the PIV system requires
considerable time, shifting the entire model reduces significantly the time constructing and calibrating
the system. The PIV test set-up is summarized in Table C.1. The installed cameras can be observed in
Figure C.3. Unfortunately the Evergreen laser was broken, thus PIV measurements were not possible to
be carried out.

Table C.1: System parameters of the stereoscopic PIV

Lenses 105 mm

Scale factor: 5.80687px,/mm

Cameras sCMOS 2560(width)x2160(height)
Pixel size: 6.5 micrometers

Laser: Evergreen 200

FoV width 530.6 mm

FoV height 375.4 mm

Seeding system | DEHS = di-ethyl-hexyl-sebacate
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Figure C.3: sSCMOS cameras set-up outside the wind tunnel walls
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