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Abstract

An experimental investigation was done regarding the propulsion and airframe integration issues as-
sociated with the novel Flying V configuration. The experimental investigations involved a series of
wind tunnel tests with a 4.6% scale half model, conducted in the TU Delft OJF low speed wind tun-
nel. Balance measurements allowed significant interference effects between the wing and engine to
be identified. A nacelle mounted total pressure rake enabled the measurement of engine inlet total
pressure, both in TFN and powered conditions.

At landing and take-off velocity (𝑉 = 20𝑚/𝑠), an interference drag penalty is observed over the full
range of positive incidence angles above 5∘, with a maximum of 60 counts (16.5% of isolated wing
drag) at an incidence angle of 10∘. At incidence angles lower than 5∘ engine operation is somewhat
beneficial, with a maximum contribution to thrust due to interference of approximately 20 counts.
Engine inflow is shown to be distorted by the presence of the wing, which could contribute to the
observed interference drag. Distortion DC(60) values higher than 0.2 are measured in off design con-
ditions, while measurements at cruise condition show a 𝐷𝐶(60) value of 0.08. However, distinguishing
between loss of engine thrust and increase in airframe drag is not possible with the used setup. In-
creased suction around the engine intake contributes to added lift and nose down pitching moment
at high thrust setpoints and incidence angles between 5∘ and 12.5∘. An increase in nose up pitching
moment is observed from 12.5∘ to 22.5∘.

To put the measured interference in perspective, the direct effects of the quantified interference on
trimmed flight conditions are demonstrated. An increased power requirement of up to +8% is observed
in trimmed flight conditions between 22m/s and 31m/s, while a maximum reduction of -11% in power
requirement is predicted for velocities higher than 32m/s. The change in required control surface
deflection for trim due to engine interference is evaluated to be less than +/ − 2.5∘ for trimmed level
flight. A trimmable flight envelope is demonstrated for maximum climb, level flight and optimum glide
with control surface deflections in the range 𝛿 ∈ (−10∘, 10∘).
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Nomenclature

Abbreviations
SSFT Sub-scale Flight Testing
BLI Boundary Layer Ingestion
CG Center of Gravity
TFN Through-flow Nacelle
ESC Electronic Speed Controller
FW Flying Wing

Configuration Codes
W Wing
N Nacelle
E Engine Jet (Power-On)
P Engine (N and E)
S Engine Strut

Any combination of the above configuration codes is used to signify the hardware configuration shown
in a graph, plot or equation.
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1
Introduction

Non recurring costs of aircraft design are very high, which is one of the reasons to opt for safe and
proven design choices. Aircraft configurations of jetliners have therefore remained very similar since
the introduction of the Boeing 707, featuring the well-known and understood high aspect ratio wing,
horizontal and vertical tail and fuselage body. The historical improvement of 𝑀(𝐿/𝐷)፦ፚ፱ of jetliners
shows a trend that is moving towards an asymptote, as depicted in Figure 1.2. Breaking this trend
requires the introduction of a concept that is radically different from the tube and wing configuration.
Over the past decades many exotic concepts have been proposed, but none have really gained the
confidence to generate a breakthrough.[1]

A new take on the flying wing (FW) airplane comes in the form of the Flying V. The concept of the
Flying V was first introduced and studied by Benad at Technische Universitat Berlin in collaboration
with Airbus [2]. The novel Flying V design minimizes the amount of non-lifting aircraft structure. It
consists of two highly swept inner wings with internal cabin structures, outer wings with lower sweep
and two large winglets with integrated rudders. Figure 1.1a depicts a render of the original design.
Benad made a preliminary estimation of it performance by using the ODILLA vortex lattice method,
developed by Airbus. The resulting design is a longitudinally stable Flying V, with an estimated 10%
higher L/D compared to an A350-900 in cruise conditions. Moreover, the empty weight is estimated
to be 2% lower for an equal wingspan and loading capacity. Finally, no high lift devices are required
and engines are shielded from the ground, providing additional benefits to the Flying V concept. The
original design was further optimized by Faggiano at Delft University of Technology.[3] Figure 1.1b
shows a render of a recent Flying V model in the blue colors of a KLM livery.

(a) Render of the original Flying V design by J. Benad1 (b) A render of the Flying V in KLM livery, parked at the gate2

Figure 1.1: Progression of the original Flying V design to the current full scale design by Delft University of Technology

2Source: Benad [2]
2Source: TU Delft www.tudelft.nl
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2 1. Introduction

On a conceptual level flying wing configurations tend to be very attractive.[4] Torenbeek provides a
very relevant discussion in his book Advanced Aircraft Design regarding the promises and challenges
of Flying Wing aircraft in general. He states that:

“Advocates of the FW claim its potential of avoiding most of the parasite drag of major
components other than the essential wing, thereby obtaining at least 20% gain in the
aerodynamic efficiency in one airliner generation. Since the improvement of the range
parameter during the jetliner era continues to be very modest (Figure 1.2), the FW should
be regarded as an alternative to the traditional general arrangement nicknamed the tube and
wing (TAW) configuration that must be considered as a serious challenge. However, in spite
of the in-depth research programs between 1990 and 2010, civil airframe manufacturers
have not yet embraced the FW layout for their clean sheet designs. Dominant issues that
have not yet been solved are (1) how to design a suitable structure for a highly non-
cylindrical pressure cabin; (2) how to settle the stability and controllability which have
plagued the class of all-wing airplanes; and (3) how to prove that the radical FW concept can
pass the certification process successfully. It cannot be excluded that arguments in favour
of or against the FW are often based on the superficial suspicion against the introduction
of new technology. “ – Torenbeek, Advanced Aircraft Design [1]

Figure 1.2: Historical LD improvements of jetliners from years 1960 to 2000 3

So the gains of a new concept are promising, but there are challenges have to be addressed to make
any FW aircraft into a viable concept. These diminish some of the initially envisioned edge a FW air-
craft has over conventional designs. When designing a new aircraft for a certain useful volume, and
choosing a high subsonic cruise Mach number, the following conclusions can be drawn about any flying
wing concept from a low fidelity analysis. First of all, flying wings have less wetted area for a similar
useful volume. This is one of the main benefits advocates of FW concepts highlight. The reduction in
wetted area should reduce fiction drag of the aircraft to a minimum and therefore result in a significant
L/D gain.[4]

Flying wings tend to have a higher wing surface area, leading to a lower wing loading and a lower
aspect ratio. This is required, because no trailing edge high lift devices can be incorporated in the
design. The lack of any empennage means that the center of pressure the wing coincides with the
center of gravity at any trimmed flight condition. Deflection of trailing edge high lift device would result
in a large nose down pitching moment, which would have to be trimmed by elevator deflections at the
same trailing edge.

Additionally, the lower wing loading results in a higher cruise altitude to reach the CL for optimum
L/D or a lower cruise velocity at currently used cruise altitudes. Higher cruise altitude increase the
requirements on installed specific thrust. Finally, span loading relieves some of the bending loads on
the lifting surface, further reducing weight. This is mostly true for designs that incorporate some out-
board loading of the wing.[1] Most of these characteristics can be recognized in the NASA/Boeing joint
research into the blended wing body (Figure 1.3a).

3Adapted from Torenbeek [1]
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(a) The X-48C concept by Boeing and NASA in flight 4 (b) Photo of the MAVERIC demonstrator model by Airbus 5

(c) The Flying V SSFT model (without winglets) sitting on the floor of the
wind tunnel

Figure 1.3: Pictures of demonstrator models by Airbus, Boeing and Delft University of Technology

A benefit of the Flying V concept is that it tackles structural design of the pressure cabin quite effec-
tively by introducing two oval pressure cabins. The Flying V features a twin fuselage arranged in a
V shape, connected at the cockpit. The main benefit of this arrangement is that oval cross sectional
tubular fuselages can be used, since they fit a swept back airfoil cross section remarkably efficiently.
The oval cross section of these fuselage components allows a relatively simple and light pressure cabin
structure to be used when compared to for example a BWB concept.[2][5] Additionally, the Flying V
concept makes for easier aircraft family design. Its cabins are relatively straight sections, which can
easily be extruded to generate a larger member of the same family.

To aid the acceptance of the Flying V concept, a sub scale flight testing (SSFT) model is built at Delft
University of Technology. Flying a demonstrator model is a common method to further investigate a
concept. For example, investigations into the blended wing body concept have resulted in the X48 by
Boeing (Figure 1.3a) and more recently in the Maveric by Airbus (Figure 1.3b). Figure 1.3c shows a
picture of the Flying V SSFT model without its winglets installed. While wind tunnel testing is limited
to static measurement conditions, the SSFT model can be used to investigate a wider range of flight
characteristics. Some of the objectives of flight testing can be to asses the dynamic interaction of con-
trol surfaces, or the control requirements to accommodate asymmetric thrust and to test flight control
algorithm designs.[6] Provided that similitude conditions are met, this data can even be valuable to
understand the performance of the concept at a larger aircraft scale.[7][8]

2Source: Boeing/NASA https://www.nasa.gov/centers/armstrong/multimedia/imagegallery/X-48C/index.
html
5Photo by Airbus, source: https://www.pilootenvliegtuig.nl/wp-content/uploads/2020/02/
MAVERIC-04-1024x611.jpg

https://www.nasa.gov/centers/armstrong/multimedia/imagegallery/X-48C/index.html
https://www.nasa.gov/centers/armstrong/multimedia/imagegallery/X-48C/index.html
https://www.pilootenvliegtuig.nl/wp-content/uploads/2020/02/MAVERIC-04-1024x611.jpg
https://www.pilootenvliegtuig.nl/wp-content/uploads/2020/02/MAVERIC-04-1024x611.jpg
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To reduce risk and guarantee successful test flights, extensive testing of static conditions in a wind
tunnel are required. For example, before the first flight of the X-48 a wide range of tests in the
wind tunnel were conducted to investigate the configurations static flight characteristics. These tests
included some testing of engine integration, focusing on measurements of flow conditions in the nacelle
intake. [9] For the Flying V, wind tunnel tests of the clean wing have been performed to assess the
performance, longitudinal static stability and control characteristics of the scaled model. This has
resulted in the identification of an aerodynamic model for the clean wing. [3][10][11] However, the
effects of engine integration remain untested. While these may result in significant alterations to
the flight characteristics of the configuration, integration of the nacelle and engine and their mutual
interference have to be investigated.

Research Objective
The scope of this projects is thus to provide further knowledge on the performance of the Flying V
SSFT model and enable successful future test flights. The main objective of the specific research can
be described as:

Quantification of engine integration effects on the Flying V sub-scale flight testing
model using wind tunnel experiments.

The main research question that has to be answered to achieve this purpose is formulated in the
following way:

How large are the effects of the engine integration on the flight performance
characteristics and longitudinal static stability of the Flying V SSFT?

To enable answering this main question, answers to the following sub questions have to be found:

1. What are the effects of engine installation on the forces and moments acting on the Flying V
SSFT model?

2. How large are the interference effects due to the wing, engine nacelle and the engine jet respec-
tively?

3. What is the effect of the wing on engine inflow conditions?

4. Do the interference between wing and engine result in measurable changes in flight performance
characteristics, and if so, what are the effects?

Thesis Outline
The rest of this work is organized in the following way. First of all, some background information is
provided in Chapter 2. This chapter includes some general information regarding the type of engine
configuration and expected effects, as well as similar research on which the setup and method are
based. The setup and method that were chosen are then described in Chapter 3. Chapter 4 provides
verification and validation to show that the obtained results meet requirements for meaningful analysis.
The main results are visualized and discussed in Chapter 5. Concluding remarks and a scope of possible
further research is given in Chapter 6.

Additional information is given in the appendices. Appendix A visualizes measurement bookkeeping
definitions for easier reference. Appendix B provides an overview of the raw measurements to show
precision over the measurement domain. Data from the engine electronic speed controller is summa-
rized in Appendix C. Next, an overview of all engine intake measurements is provided in Appendix D.
Finally, Appendix E provides an overview of the test matrix; a full overview of all tested conditions.



2
Engine Integration Testing

This Chapter aims to provide the required background theory involved with the engine integration study
presented in this work. It provides an overview of the effects that are likely to present themselves in
the results. First, Section 2.1 gives a brief overview of the main knowledge that has been gathered
during half model testing of the Flying V by Palermo, Viet and Ruiz Garcia. Next, Section 2.2 takes a
look at how the propulsion system of the Flying V can be defined, to provide additional insight into the
mechanisms of the interaction between engine and airframe. This is divided into a section about the
performance characteristics of a ducted fan and some background information about the over-the-wing
type engine position. Next, Section 2.2.4 discusses intake measurements, the definition of distortion
and their effect of a propulsion system. Finally, Sections 2.3 and 2.4 deal with similar campaigns in
industry and wind tunnel corrections respectively.

2.1. Previous Half Model Testing

Studies by Palermo[10], Viet[11] and Ruiz Garcia[12] have focused on identification of characteristics
of the clean wing of the Flying V, using the half model that was also tested for this work. To start off,
the longitudinal static stability and control characteristics of the Flying V were investigated by Palermo,
both numerically and experimentally. Palermo concluded that the configuration’s maximum achievable
lift coefficient, at which longitudinal stability was achieved, was approximately 0.7 in horizontal steady
flight. Figure 2.1 shows pitching moment data for different control surface deflections of the two inboard
control surfaces (surfaces one and two), with a reference center of gravity position of 𝑥ፂፆ = 1.33𝑚.
Deflection ranges for the inboard (CS1) and outboard (CS2) of these two surfaces are −10.50∘ to
12.23∘ and −15.25∘ to 17.85∘ respectively. Control surface effectiveness is clearly relatively constant
with angle of attack and linear with control surface deflection. Also, the pitch break around 20 degrees
angle of attack remains present, irrespective of control surface deflection 𝛿ፂፒ. This imposes a limit on
the stable flight regime of the model.[10]

Ruiz Garcia continued the work on aerodynamic model identification and confirmed much of the re-
sults by Palermo. The resulting model was used to determine control surface deflections required for
trimmed flight conditions. The optimum center of gravity location for the wing was decided to be
𝑥ፂፆ = 1.36𝑚 from the nose of the aircraft, giving the aircraft some longitudinal static stability and
maximum deflection of +/− 10∘ required on control surfaces CS1 and CS2 for trim. Finally, the model
provided values for the linearized contribution of control surface deflection to lift and pitching moment
𝐶ፋᒉ and 𝐶ፌᒉ . [12]

5
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(a) Control surface effectiveness of the most inboard control surface ፂፒᎳ

(b) Control surface effectiveness of the center control surface ፂፒᎴ

Figure 2.1: Pitching moment characteristics of the Flying V wind tunnel half model, for a range of control surface deflections,
፱ᐺᐾ ዆ ኻ.ኽኽ፦1

Viet provided additional wind tunnel data, focusing on flow visualization of the Flying V in high angle of
attack conditions. The experimental campaign aimed to map the development of vortex structures on
the upper wing upper surface, visualizing them with smoke, tufts and oil flow and aimed find an expla-
nation for the pitch up behaviour of the wing at high angles of incidence. The flow topology drawings
of the upper wing surface in Figure 2.2 show how much the nature of the flow on the wing changes
with angle of attack. Figure 2.2a shows the surface flow at a moderate 7∘ angle of attack, which is still
quite nicely attached. Increasing the incidence angle to 15∘ in Figure 2.2b results in the formation of a
trailing edge vortex, and some vortex formation around the leading edge, starting just inboard of the
leading edge kink. From the oil flow visualization, Viet concluded that the forward movement of the
center of pressure (pitch break) occuring from 20 degrees AoA onwards, can be accounted to the de-
velopment of a main leading edge vortex (Figure 2.2c). Its starting point moves inboard with increasing
angle of attack, increasing the influence the vortex has on the forward part of the inboard wing sec-
tion. This leads to more lift generated on this section of the wing, and results in a pitch up moment.[11]

The flight envelope for this work is based on the previously recorded behaviour of the Flying V half
model. The trimmable flight angle of attack range of the wing at this velocity is limited due to a pitch
break at 20∘ AoA. These observations limit the region of interest for integration measurements to an
angle of attack range between -5 and 30 degrees. The optimum CG position defined from the spline
model representation by Ruiz Garcia (1.360𝑚 from the nose of the aircraft) is used as a fixed reference
location in the rest of this work. [10][11][12]

1Source: Palermo [10]
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(a) ᎎ ዆ ዁∘ (b) ᎎ ዆ ኻ኿∘

(c) ᎎ ዆ ኼ኿∘

Figure 2.2: Upper surface flow topology as investigated by Viet using oil flow measurements 2

2.2. Propulsion System
The propulsion system chosen for the Flying V can be described as an over-the-wing mounted podded
engine, with the inlet plane positioned just aft of the local wing chord. In case of the SSFT model,
the gas turbine is replaced by an electric ducted fan. This section provides a brief overview of the
previous research done on the engine integration of the Flying V concept. Next, some fundamental
background information is provided regarding ducted fans. Finally, the main mechanisms that may
present themselves in the measured data are discussed.

2.2.1. Previous Study
Engine-airframe integration effects for the full scale Flying V in cruise conditions, have been inves-
tigated numerically by Berta Rubio Pascual [13]. For an M = 0.85 cruise velocity at 13000 meters,
the aerodynamic performance of forty engine positions were simulated using an Euler pressure-based
solver on a three dimensional unstructured grid. This was done with a method similar to physical engine
integration testing, with an isolated engine simulation, an isolated airframe simulation and combined
simulations to estimate interference levels. Simulation runs were made with the engine simulated both
at TFN conditions and with power on conditions. The simulations used a half model representation of
the Flying V, with a symmetry plane at the centerline to reduce computational costs.

A region of acceptable engine positions is defined behind the aircraft trailing edge, where interfer-
ence losses are minimized. Engine positions more forward and above the cabin structure are found to
produce supervelocities over the nacelle and airframe structures. The resulting shockwaves on both
airframe and cowling result in additional interference drag. The preferred engine position for cruise
is depicted in Figure 2.3. It is chosen to be close to the symmetry plane, aft of the inner airframe
structure and with the engine centerline only 0.8m above the trailing edge height.

2Source: Viet [11]



8 2. Engine Integration Testing

Figure 2.3: Suggested engine position for the Flying V, optimized for transonic cruise conditions 3

2.2.2. Ducted Fan Performance
Before diving into more configuration specific information, this section discusses the basic character-
istics of ducted fans. The addition of the duct around the propeller blades allows the ducted fan
to produce significantly higher static thrust than the isolated propeller of equal diameter and power
loading. This can be explained by the significantly reduced slipstream contraction downstream of the
propeller relative to the isolated propeller, which increases massflow through a ducted fan.[14] The
small tip gaps between tips of the fan blade and the wall of the duct, allow the blades to be loaded
highly to the end of the blade, reducing tip losses associated with free-air propellers. [15]

Figure 2.4: Momentum flow field comparison of ducted propeller and unshrouded propeller at static conditions 4

3Source: Rubio Pascual [13]
4Source: Black et al. [14]



2.2. Propulsion System 9

Figure 2.4 visualizes this effect. In low speed conditions, the increased suction over the forward facing
surfaces of the nacelle even induce a forward facing suction, increasing thrust. Because of these ef-
fects, the ducted fan diameter required for equal static thrust is only 50%-60% of the equivalent open
rotor. The relative increase in performance reduces when flight velocity is increased. The higher initial
momentum rapidly reduces the slipstream contraction of the free-air propeller and therefore diminishes
the performance gain of the duct. Due to the increased friction of the duct at higher speeds, efficiency
even falls below that of the free-air propeller at moderate airspeeds. [14][15]

Drawing a control volume around the ducted fan as depicted in Figure 2.5, allows the derivation of
equations for a ducted fan in free stream conditions. [16] The control volume external boundary
consists of an inlet plane, outlet plane and a stream tube, while the fan is modeled as an actuator disk.
The inlet plane is positioned far enough in front of the propulsion system, such that a uniform inflow
velocity 𝑉ጼ is present. The external boundary is chosen sufficiently far away from the fan, such that
the pressure is equal to the free stream pressure 𝑝ጼ. Finally, any viscous dissipation due to the friction
inside the duct and on the fan are neglected. The outlet plane is depicted as a thick dashed line, on
which the jet wake velocity is given as 𝑢፣. The outlet pressure of the duct is assumed to be equal to
ambient pressure.

Figure 2.5: Control volume for a free stream ducted fan

The power input to the control volume by the propulsion system (𝑃።፧) can be expressed as the time
rate of change of the kinetic energy difference between the inlet plane and the outlet plane (Equation
2.1). [16]

𝑃።፧ =∬
ፓፏ
𝜌𝑢፣

1
2(𝑢

ኼ
፣ − 𝑉ኼጼ)𝑑𝑆 (2.1)

The thrust (𝑇) generated by the propulsion system is equal to the momentum change between inlet and
outlet flow (Equation 2.2). Morover, the rate of kinetic energy (𝐸̇፤።፧,፰, relative to freestream velocity
𝑉ጼ) leaving the control volume is given in Equation 2.3. [16]

𝑇 =∬
ፓፏ
𝜌𝑢፣(𝑢፣ − 𝑉ጼ)𝑑𝑆 (2.2)

𝐸̇፤።፧,፰ =∬
ፓፏ
𝜌𝑢፣

1
2(𝑢፣ − 𝑉ጼ)

ኼ𝑑𝑆 (2.3)

Finally, the two power output terms (thrust power 𝑇𝑉ጼ and time rate of kinetic energy over the exit
plane 𝐸̇፤።፧,፰) balance the power input of the actuator (𝑃።፧). This allows the Froude propulsive efficiency
(𝜂፩) to represent the efficiency of the power conversion, in other words the fraction of useful (thrust
power) to total input power, as shown in Equation 2.5.[16]
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𝑃።፧ = 𝑇𝑉ጼ + 𝐸̇፤።፧,፰ (2.4)

𝜂፩ =
𝑇𝑉ጼ
𝑃።፧

= 𝑇𝑉ጼ
𝑇𝑉ጼ + 𝐸̇፤።፧,፰

(2.5)

Mendenhall and Spangler [17] show how the performance of a ducted fan geometry can be predicted
mathematically, provided that no interference with other airframe components is considered. They
describe a model consisting of two solutions: an axial flow solution for the fan-duct-centerbody com-
bination and an angle of attack dependent solution for the duct. It estimates blade loading using the
blade pitch and geometry, blade element theory, and uses the local variation of blade loading to esti-
mate the shedded vorticity in the wake. Source and sink distributions are used to model the presence
of the duct and centerbody. To solve the system of equations requires an iterative solution, which is
further deemed outside the scope of this work. What should be noted though, is that the performance
of a ducted fan can be modelled relatively accurately by the superposition of an axial solution of the
fan-duct-centerbody, and an inflow angle dependent solution for the duct, effectively decoupling the
analysis. [17]

Trancossi [18] shows that the inflow and exhaust velocity of small ducted fans can quite accurately be
modeled, by simplification of the aforementioned equations and the assumption of incompressible flow.
Using the conservation of mass between reference stations in the control volume, the ratio between
velocities within the inner boundary of Figure 2.5 can be computed (Eq. 2.6). In this equation 𝐴፞ is
the duct exit surface area, and 𝑢፞ the average exhaust velocity. 𝐴። and 𝑢። represent the intake area
and the intake velocity repectively.

𝑚̇ = 𝜌𝐴፞𝑢፞ = 𝜌𝐴።𝑢። (2.6)

Equation 2.2 can be simplified using the fact that 𝜌 is now a constant over the exhaust plane.

𝑇 = 𝑚̇(𝑢፞ − 𝑉ጼ) = 𝜌𝐴፞𝑢፞(𝑢፞ − 𝑉ጼ) (2.7)

Rewriting this equation for 𝑢፞ allows the computation of exhaust velocity from measured thrust, as
shown in Eq. 2.8. Equation 2.6 can finally be used to relate the exhaust velocity to inlet velocity using
the ratio of their surface areas.

𝑢፞ =
𝑉ጼ +√(𝑉ኼጼ +

ኾፓ
(᎞ፀᑖ)

)

2 (2.8)

Two dimensional CFD analysis (RANS with a 𝑘−𝜖 turbulence model) of a small ducted propeller with a
diameter of 56mm (half the diameter of the propeller used in this work) was performed by Trancossi.
[18] Disc loading of the propeller analyzed is similar to the propeller used in this work. The results by
Trancossi show a maximum difference of 5% in exhaust velocity, between the CFD results and values
computed using incompressible flow relations. This validates the assumptions of incompressible flow
for the study at hand, and allows the computation of massflow and dynamic pressure from measured
thrust and known duct geometry.
Finally, it can be shown that propeller thrust is a function of the following parameters: propeller di-
ameter 𝐷, propeller rotational speed 𝑛, fluid density 𝜌, fluid kinematic viscosity 𝜈, fluid bulk elasticity
modulus 𝐾 and free stream velocity 𝑉ጼ. Dimensional analysis shows that the performance can be
rewritten as a function of a couple of dimensionless parameters. In the following analysis, 𝑀 is a unit
of mass, 𝐿 is a unit of length and 𝑇 is a unit of time. [19]
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𝑇 = 𝑓(𝐷; 𝑛; 𝜌; 𝜈; 𝐾; 𝑉ጼ) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ∗ 𝐷ፚ𝑛፛𝜌፜𝜈፝𝐾፞𝑉ጼ፟

[𝑀𝐿𝑇ዅኼ] = [(𝐿)ፚ(𝑇)ዅ፛(𝑀𝐿ዅኽ)፜(𝐿ኼ𝑇ዅኻ)፝(𝑀𝐿ዅ1𝑇ዅኼ)፞(𝐿𝑇ዅ1)፟]
(𝑀) 1 = 𝑐 + 𝑒
(𝐿) 1 = 𝑎 − 3𝑐 + 2𝑑 − 𝑒 + 𝑓
(𝑇) 2 = 𝑏 + 𝑑 + 2𝑒 + 𝑓

Rewriting to make everything a function of d,e and f results in the following expression:

𝑎 = 4 − 2𝑒 − 2𝑑 − 𝑓
𝑏 = 2 − 𝑑 − 2𝑒 − 𝑓
𝑐 = 1 − 𝑒
𝑇 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ∗ 𝐷ኾዅኼ፞ዅኼ፝ዅ፟𝑛ኼዅ፝ዅኼ፞ዅ፟𝜌ኻዅ፞𝜈፝𝐾፞𝑉ጼ፟

𝑇 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ∗ 𝜌𝑛ኼ𝐷ኾ ∗ 𝑓 [( 𝜈
𝐷ኼ𝑛) ; (

𝐾
𝜌𝐷ኼ𝑛ኼ) ; (

𝑉ጼ
𝐷𝑛) ; ]

In the resulting expression, the first term ᎚
ፃᎴ፧ is proportional to the Reynolds number of the blade:

ኻ
ፑ፞ᑥᑚᑡ

.

Because 𝐾/𝜌 = 𝑎ኼ, the second expression can be rewritten as ፚᎴ
ፃᎴ፧Ꮄ ∝

ኻ
ፌᑥᑚᑡᎴ

and is thus proportional to

the tip mach number of the fan. The final term is better known as the advance ratio of the propeller,
𝐽 = ፕᐴ

ፃ፧ .[19]

Assuming that the effect of Reynolds number and Mach number changes to the blade have a relatively
small effect over the range of advance ratios used during the experiment, allows a model for thrust
to be constructed that only depends on advance ratio. This observation will be used to model thrust
coefficients 𝑇ፂ = 𝑇/𝑞ጼ and propeller thrust coefficient 𝐶ፓ = 𝑇/(𝜌𝑛ኼ𝐷ኾ) for analysis. Rewriting results in
the following expressions, with the coefficients a,b,c,d and e to be determined based on measurement
results. Note that the variables a-e used here do not correspond to the variables a-f used above.

𝑇ፂ = 𝑎 ∗ 𝐽ዅኼ + 𝑏 ∗ 𝐽ኼ + 𝑐 (2.9)
𝐶ፓ = 𝑑 ∗ 𝐽 + 𝑒; (2.10)

2.2.3. Effect of engine position
Historically, the engine locations under the wing and to the side of the fuselage have been chosen as
the favourite solutions in aircraft design. Placing engines on top of the wing has not been popular
option. For transonic aircraft this is mostly due to shockwave formation on the junction of any pylon
and the wing upper surface, leading to an increase in wave drag in cruise condition. The main benefits
of an over the wing nacelle are the reduced clearance requirements for large bypass ratio engines and
the possible reduction of noise perceived on the ground. Engines mounted above the wing have only
been used on some aircraft such as the Fokker VFW 615 and the Honda Business Jet and mostly due to
special requirements. [20] For example, simulations by Savoni et al. show the high lift capabilities of
a short range jetliner with very high bypass ratio engines, where the engine position above the wing is
specifically chosen to allow for STOL and relatively low noise.[21] In the case of the Flying V, the engine
location above and behind the wing is motivated by center of gravity requirements and the excessive
landing gear length required to meet ground clearance requirements for the engine below the wing.
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(a) Suction surface pressure distribution of a clean wing

(b) Suction surface pressure distribution of a wing under influence of an over the wing mounted engine, with a capture ratio > 1

Figure 2.6: Notional effect of an over the wing mounted nacelle on surface pressure distribution

To understand the effect of the engine position relative to the wing, some mechanisms that play a role
in the interaction between those two elements are discussed. First let us take a look at the effect of the
engine on the wing. Figure 2.6 shows how the suction surface pressure distribution may be changed
due to thrust for an engine positioned above and behind the wing, with the lower inlet lip close to the
wing trailing edge. Figure 2.6a provides a reference pressure distribution on a generic swept wing.
The pressure distribution along the chord resembles the simulated chordwise pressure distribution of
the clean Flying V wing at the engine spanwise station and 15∘ angle of attack (Simulated by Palermo
[10]). Note that the flow remains attached up to this incidence angle according to the simulation.

Figure 2.6b shows a notional effect of an engine running at a thrust setting with a capture ratio greater
than one. The resulting suction of the engine shifts the local pressure distribution, lowering surface
pressure close to the engine intake. Effectively, this increases the lift produced locally and reduces
the pressure recovery gradient. The improved pressure gradient increases the local margin to stall,
allowing the wing section close to the engine to reach a higher angle of attack before the flow separates.
Finally, due to most of the additional suction action on the aft part of the wing, pressure drag will also
be increased. However, if separation is prevented, the increase in pressure drag will probably still
provide a net benefit.
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Now let us take a look at another mutual effect of the engine and the wing. The wing boundary
layer of the Flying V is assumed to be fully turbulent due to zig-zag tape applied at 0.05𝑐. Taking the
approximate turbulent boundary layer solution of a flat plate as an estimate, gives a very first order
estimation for the boundary layer thickness at the wing/engine interface. The Reynolds number is
taken as 𝑅𝑒 = 1 ∗ 10ዀ and the flat plate length x is taken as the approximate local chord length of
1m. In the following, 𝑅𝑒᎑ is the Reynolds number based on the boundary layer thickness and 𝛿∗ is the
boundary layer thickness. [22]

𝑅𝑒፱ = 10ዀ
𝑥 = 1𝑚

𝑅𝑒᎑ ≈ 0.16𝑅𝑒
Ꮈ
Ꮉ፱

𝛿∗ ≈ 2.5𝑐𝑚

The flat plate boundary layer thickness under the assumed conditions is 2.1𝑐𝑚. Under less favorable
pressure gradients the boundary layer thickness will grow more rapidly, possibly even detaching from
the surface. With a minimum distance of 1.7𝑐𝑚 between the nacelle and the wing surface, it is there-
fore very likely that the engine will ingest (some) low momentum flow originating from the wing surface
at higher angles of attack.

Testing by Sabo and Drela suggests that boundary layer ingestion can significantly reduce the amount
of power required for a given amount of thrust. This is accounted to the more efficient propulsion
resulting from the acceleration of lower momentum flow and the reduction in strength of the low mo-
mentum wake leaving the airframe. The setup used to investigate the effect involved an electrically
powered ducted fan and a NACA 0020 revolving body. Power savings of up to 25% were found for this
non lifting body at engine positions situated closely behind the body.[23]

A very similar, more fundamental explanation is given by Lv et al.[16] and later by Hall et al. [24].
In these works the the benefit of using wake ingestion is explained using a power balance method.
Imagine the wake of a wing entering the control volume of Figure 2.5. Ideally, the thrust of the
propulsor just fills the wake of the wing to produce the thrust required, resulting in a velocity 𝑢፣ = 𝑉ጼ.
For a more general case, the required thrust can be produced with a lower exhaust velocity, reducing
the amount of kinetic energy lost in the exhaust jet. However, the positioning of the engine could also
induce some additional drag. In the numerical investigation done by Lv et al., profile drag increased
significantly under the influence of a closely coupled propulsions system. The main source was an
increase in pressure drag, but also due to increased friction drag. As depicted in Figure 2.7, under
suction the boundary layer shape changes, resulting in an increased friction drag. [16]

Figure 2.7: Change of friction drag under the influence of an actuator 5

5Source: Lv et al. [16]
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2.2.4. Inlet Conditions
While the engine has its effects on the performance of the wing, the wing also affects the conditions
in which the engine operates. The flow surrounding the engine is altered, changing the inflow angle
of the engine and the condition of the air in the intake. In an ideal world, the effect of the wing on the
engine inflow is small, as is well described by the quote below.

While the positive effects of wake ingestion may look promising, the effect of non-uniform inflow on the
propulsor is not taken into account in most research. A distorted inflow may have detrimental effects
on fan performance in the propulsor. For example, boundary layer ingestion was first seen as possible
positive effect by Boeing for their BWB program. However, the initial BLI design was later changed to
a regular podded over the wing engine due to unacceptable drag penalties incurred by the required
boundary layer bleed, when engine performance was taken into account. [25] Wind tunnel tests of a
scale model in 2016 show the podded engines that was chosen over any researched boundary layer
ingestion designs for which the results were published in 2006.[26][27]

”The ideal intake delivers a total pressure field at the engine face that is not only high
in terms of its average value, but is also uniform. Although a low average (low pressure
recovery) can reduce thrust and often efficiency, distortions in the pressure field can lead
to fan and compressor blade fatigue, can reduce the surge margin of highly loaded sections
of the compressor, and often also increase noise.” - Sobester, Tradeoffs in Jet Inlet Design:
A Historical Perspective [28]

Looking at distortion from a blade element theory point of view gives some more insight of the effect
of distortion on the fan (Figure 2.8a). For a blade element spinning with a rotational velocity 𝜔 at
distance 𝑟 from the axis of rotation, the angular velocity is 𝜔𝑟. The effective angle of attack 𝛼 of
this blade element depends on its pitch Β, the inflow velocity 𝑉 and any induced angle of attack 𝛼።
due to the rest of the lifting blade. Any change in inflow velocity 𝛿𝑉 will directly affect the effective
angle of attack of this blade element, altering its contributions 𝑑𝑇 and 𝑑𝐹 to the thrust produced and
torque required respectively. A reduction of inflow velocity will increase 𝛼 for a given rotational velocity,
thereby probably increasing 𝑑𝐹. Depending on the stall margin of the blade, thrust may be gained or
lost. However, assuming that the blade was operating in optimum design conditions, any alteration to
𝛼 will lead to a decrease in efficiency.

(a) Schematic of blade element theory 6

(b) Efficiency loss resulting from engine inlet distortion 7

Figure 2.8: The effect of inflow distortion on the operating point of the fan

6Source: Cavcar [29]
7Source: Kawai et al.[27]
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This conclusion is also reached when looking at the propeller as a very low pressure ratio compressor.
Figure 2.8b shows a generic compressor map. A reduction in inlet velocity will locally move the operat-
ing point closer to the stall limit of the blade section, reducing the stall margin. Also, while the dashed
operating line is drawn at the highest efficiency, any shift will result in a lower than optimum operating
efficiency. For significant distortion, part of the fan disk may stall. Local pockets of distortion will also
lead to cyclic loading of the blades, leading to fatigue.[28]

Two types of distortion are mostly tested: total pressure distortion and swirl distortion. Total pressure
distortion is defined as the loss of total pressure on the measurement plane and swirl distortion as
the offset in inflow angle. An engines resistance to distortion can be tested using a specially designed
screen that generates a known amount of distortion at the engine inlet. [30] Total pressure distortion
can be measured using a relatively simple rake. Swirl distortion requires a more complex rake featuring
directional pressure probes to capture flow direction. [9][26][31].

𝐶፩Ꮂ =
𝑝ኺ
𝑝ኺᐴ

(2.11)

𝐷𝐶 =
(𝑝ኺᐴ − 𝑝ኺ)

𝑞̄ (2.12)

𝐷𝐶(60) =
( ̄𝑝ኺ − 𝑝̄ኺ(ᎸᎲ))

𝑞̄ (2.13)

Three definitions are used to describe the total pressure distortion measured in this work. The total
pressure recovery is described as the fraction of local total pressure and free stream total pressure
𝐶፩Ꮂ (Eq. 2.11). The local distortion is plotted as the difference between the total pressure in free
stream and local total pressure, over the local dynamic pressure 𝐷𝐶 (Eq. 2.12). Finally, the average
distortion over a 60 degree arc 𝐷𝐶(60) is used to judge radial distortion on the intake. Its definition
in Equation 2.13 shows that instead of the free stream total pressure, the average total pressure on
the plane is used as a reference. Therefore, this definition of 𝐷𝐶(60) may be low even while all of the
inlet plane receives a lower than free stream total pressure flow. Rather, it provides a value for the
difference between the 60∘ sector and the average in the plane, as seen in Figure 2.9, which provides
an indication whether the blade will suffer from fatigue or not. [32] To reduce the cyclic loading of the
blade, many new boundary layer ingestion designs opt for an engine positioned in a central location at
the end of the fuselage, resulting in a low radial distortion while ingestion the boundary layer. [33]

Figure 2.9: Graphic representation of the definition of ፃፂ(ዀኺ)8

Concluding the previous two sections, it depends on the combination of geometry, propulsor and
condition under investigation whether the net effect of the interaction between wing and propulsor
provides a positive or negative performance result. Wake ingestion may result in a reduced power
required to generate thrust, however increases in pressure and friction drag diminish some of the
benefit. Also, if the energy conversion of the propulsor is reduced due to distortion, the net result is
even less favourable.

8Source: Seddon and Goldsmith[32]
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2.3. Similar Campaign
Engine integration research is more often conducted to investigate transonic flight conditions than low
speed flight conditions. However, similar low-speed research has been conducted on a blended wing
body configuration at NASA. For the NASA Environmentally Responsible Aviation (ERA) project, a low
speed campaign was done in the NFAC 40x80ft wind tunnel, to investigate overall performance of a
5.75% scaled model of Boeing’s Preferred System Concept (PSC) Blended Wing Body aircraft. This
model had a wingspan of 4.0 meters and testing was done at Reynolds numbers varying between
𝑅𝑒 = 2.2 ∗ 10ዀ (28𝑚/𝑠) and 𝑅𝑒 = 5.5 ∗ 10ዀ (70𝑚/𝑠). A photo of the setup is shown in Figure 2.10a.
[9][26]

The campaign had three objectives. The main goal of the campaign was to demonstrate engine op-
erability at low speed design and off-design conditions, characterizing the adverse propulsion airframe
induced inlet flow distortion. The second was to aid the development of a leading edge Kruger flap, to
achieve higher maximum lift coefficients. The third goal was to quantify power-on effects to increase
pitching moment and allow take off rotation. This shows that the comparable aircraft class and engine
positioning of the BWB design results in challenges similar to the challenges for the Flying V con-
cept. The engine testing procedure for the BWB model was divided into three phases; a flow-through
nacelle inlet test, an ejector powered nacelle inlet test, and a turbine powered simulator (TPS) test.
The purpose of the flow-through nacelle and ejector powered engine phases was to map inlet distor-
tion due to engine airframe interaction, both in terms of total pressure and swirl. Turbine powered
tests were used to quantify the power-on integration effects. Mapping inlet distortion with a TPS test
is not possible, due to the discrepancy in inlet massflow between the actual engine and the TPS.[9][26]

Total pressure distortion is relatively easy and cheap to measure. The standard SAE-ARP-1420-B pro-
vides guidelines on the measurement equipment required.[31] It describes a 40 pressure probe rake
with eight arms featuring five probes each. The arms are spaced at 45∘ intervals on the inlet, with
the probes spaced to provide equal area distribution per probe along the length of the arm. The inlet
measurements by NASA featured such a 40 probe rake design, which is shown in Figure 2.10b.

(a) Photo of the NASA/Boeing BWB design in the NFAC 40x80 Foot wind tunnel 9
(b) Inlet total pressure probe rake on the NASA ERA
BWB wind tunnel model 10

Figure 2.10: Photos of the instrumentation and setup used to test a 5.75% BWB scale model by NASA

Swirl distortion measurements requires more complex equipment: either a rake with five hole direc-
tional probes, or a traversing system capable of spanning the whole inlet area with (multiple) probe(s)
and with minimal intrusive interference. In the NASA BWB test, the right ejector powered nacelle fea-
tured a special three arm swirl rake, capable of measuring the direction of the incoming flow, with five
hole pressure probes. The rake had the ability to rotate over 120 degrees with 15 degree increments,
providing a total of 120 measurement points with 5 probes per arm and three arms. [26] [34][35]
Results from the flow-through inlet distortion measurements phase of the campaign are shown in Figure
2.11 below. Note that the exact values for 𝛼 and 𝛽 are not provided, though the general idea is clear.
9Adapted from Dickey et al.[26]
10Source: Dickey et al. [26]
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The engine inlet of the BWB design suffers from low energy inflow due to engine airframe interaction
at a combination of high incidence angles and sideslip. Notably, the effect of sideslip is quite large in
this respect. Unfortunately, testing different angles of sideslip is not possible with the half model setup
used in this work.[21]

Figure 2.11: Total pressure inlet results for the NASA/Boeing BWB wind tunnel test 11

2.3.1. Bookkeeping Method
Most facilities offering propulsion system integration testing use turbine powered simulators to quantify
these effects. Most of the TPS testing is aimed towards high speed integration effects. Most of these
effects are compressibility and shock wave related and are not expected to show up at low speed,
large angle of attack flight. Major research institutions that published about engine integration stud-
ies done at their facilities include DLR[36][37], the German-Dutch Wind Tunnels [38][39] and Aircraft
Research Association Limited in Bedford England (ARA)[40] and ONERA in France [41]. While the inte-
gration effects presented in these works do not exactly match low speed testing effects, the thrust/drag
accounting methods are very relevant as a reference for this work.

Figure 2.12: Schematic of Thrust-Drag accounting for turbine powered wind tunnel testing 12

11Source: Vicroy et al.[9]
12Source: Campomanes [42]
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General features of aerodynamic interference can be split up into geometry effects and the power ef-
fects, which can be measured separately. Both of them affect the flow around the aircraft, however
they might be more easily understood when split up. This is where testing with a TFN (or at idle power
setpoint) comes in. It allows the pure geometry effects to be investigated and visualized before the
addition of thrust. [38]

The bookkeeping method that allows high accuracy in TPS testing revolves around isolated calibration
of the engine beforehand. In the calibration setup, internal flow of the TPS unit is recorded at simulated
combination of power setpoint and Mach numbers, using a vacuum chamber on the TPS outlet to stat-
ically create the required pressure difference between inlet and outlet planes. This isolated calibration
procedure allows nacelle flow correction coefficients to be determined, which are used to correct thrust
in wing-on conditions. During wing-on testing, the nacelle is mounted directly to the wing. However,
using internal measurements of pressure and total temperature, the engine produced thrust can ac-
curately be determined based on isentropic flow calculations and the previously determined correction
coefficients. This allows all the different acting forces to be specified, including a distinction between
fan thrust, turbine thrust and inlet momentum. A schematic of such a thrust drag bookkeeping scheme
is depicted in Figure 2.12.[37][38][40]

A suitable approach to an experimental engine integration study for the Flying V is a simplified version of
the methods described. Since no separate engine balance, nor internal pressure and total temperature
probes are included in the setup, the most basic form of thrust/drag bookkeeping method is used for
this campaign. Forces are recorded for all component combinations, in all test conditions. This lead
to the bookkeeping scheme definitions that are visualized in Appendix A. [42] The chosen method is
limited in the sense that no distinction can be made between a loss of thrust and an increase in drag,
though it is deemed sufficient to achieve the purpose of this investigation.

2.4. Wind Tunnel Corrections
Normally, the full scale aircraft under investigation operate at a much higher Reynolds number than
could ever be achieved in a wind tunnel. Some tunnels provide cryogenic or pressurized conditions to
try and close the gap as much as possible, but actual flight Reynolds numbers are still not achieved.
However, when investigating the characteristics of an SSFT model we are in the favourable situation of
exactly matching Reynolds numbers and length scales. [43] Nevertheless, measurements of a lifting
surface in a wind tunnel result in different results than would be obtained from the same geometry in
open air. The effect is nicely described by a quote from Barlow et al. below.

“Very early in the century experimenters using open throat wind tunnels found their tunnels
giving very pessimistic results. The measured minimum drag and rate of change of drag
with lift were too large, and the slope of the lift curve was too small. The minimum-drag
effect was largely due to the very low Reynolds numbers then found in low-speed tunnels,
but the other two effects were due to the tunnel boundaries.” – Barlow et al. p. 377 [43]

The effect of the finite tunnel size on wind tunnel measurements has to be accounted for to get a better
idea of aircraft performance in free flight conditions. Both the classical corrections for open sections
documented in AGARDograph 109 [44] and Chapter 2 of AGARDograph 336 [45], as well as a new
method of correction by Horsten and Veldhuis [46] based on a vortex lattice code are used to make
a basic estimation of the wing performance in free flight. The respective procedures are described
in Sections 2.4.1 and 2.4.2. As will become clear, the corrections only hold some value at low to
moderate incidence angles. Moreover, secondary effects such as engine effects are not considered in
the following corrections.
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2.4.1. Conventional Corrections
Conventional primary wind tunnel corrections for open test sections include a lift interference correction
and a blockage correction. The nature of these corrections are based on the assumptions of linear
potential flow, perturbation flow at the tunnel boundaries, a small model with respect to the size of the
tunnel and a tunnel with constant cross section extending far upstream and downstream of the model
and with either no flow normal to the wall (closed section) or a constant pressure at the boundary
location (open section). [43][44][45] As long as the region between the tunnel boundary is large
enough, both the effect of the model on the boundary and the effect of the boundary on the model
can me modelled as perturbations.

Figure 2.13: Method of images for an open jet wind tunnel boundary 13

As mentioned, the boundary condition of an open jet wind tunnel is defined as zero pressure gradient in
streamwise direction at the jet boundary, as given in Equation 2.14.[45] Combined with the assumption
that the boundary extends with constant cross section to infinity upstream and downstream, this allows
an infinite set of images to be used to approximate the effect of the boundary on the flow inside the
test section. The method of images for an open jet tunnel is shown in Figure 2.13. The figure shows
that the effect of the boundary can be modeled as a set of image vortices, sources and sinks, which
mirror the effect of the object in the test section to cancel each other at the boundary.

𝛿𝜙
𝛿𝑥 = 0 (2.14)

13Source: AGARDograph 336 [45]
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Corrections due to lift

The main corrections required are a direct effect of the lift generated by the wing. Representing the
wing as a finite span horseshoe vortex provides an approximation of the effect of finite wingspan,
assuming a small enough wing. For an open jet, its image vortices can be seen to produce a lower
apparent angle of attack at the center of lift. Additionally the trailing vortex images create a slight up-
wash before the lifting body and a downwash behind it. The resulting curvature of the flow streamlines
introduces an apparent negative camber to the airfoil in an open jet flow. Thus, for a lifting body, the
moment coefficient, lift and observed angle of attack are decreased in an open jet wind tunnel. Or
in other words, the geometric angle of attack in the tunnel is larger than the corresponding angle of
attack in free flight. To arrive at the corrections for the half model setup, the equivalent reflected setup
shown in Figure 2.14 is treated. In the reflected setup, the small center fillets are ignored to form the
octagon in the figure below. According to Agard 109, this should not be a problem for any first order
corrections. [44]

Figure 2.14: Reflected setup of the half model for wind tunnel correction

For analysis, the upwash interference is commonly non-dimensionalized as the upwash interference
parameter 𝛿, defined below (Eq. 2.16, 2.17). In this definition 𝐶 represents the wind tunnel cross
sectional area of the reflected setup and 𝑆 the reference wing surface area. [43] The streamwise
gradient of the upwash interference parameter is most commonly denoted as 𝛿ኻ. In its definition
below, 𝛽 is the compressibility correction factor (𝛽ኼ = 1 − 𝑀ኼ)), and ℎ the reference length tunnel
height. Empirical values for 𝛿ኺ and 𝛿ኻ can be found in the graphs from Agard 109 and Agard 339
depicted on the next page.[44][45]

Δ𝛼 = 𝑤።
𝑉ጼ

(2.15)

𝛿ኺ = Δ𝛼
𝐶
𝑆𝐶ፋ

(2.16)

𝛿ኻ =
𝜕𝛿

𝜕 ( ፱
ᎏ፡)

(2.17)
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(a) Downwash interference parameter ᎑Ꮂ for elliptically loaded
wings in elliptical open test sections 14

(b) Streamwise interference parameter ᎑Ꮃ for open test sections 15

Figure 2.15: Interference parameters ᎑Ꮂ and ᎑Ꮃ as estimated from literature

The resulting values for 𝛿ኺ and 𝛿ኻ are estimated to be:

𝛿ኺ = −0.16, 𝛿ኻ = −0.3
Primary corrections for the offset in angle of attack result in a corrected effective angle of attack
and drag coefficient. When assuming small correction to effective angle of attack, this results in the
following correction formulas. In the following, the subscripts ፜፨፫፫ and ፮፧፜ denote the corrected and
uncorrected data respectively and 𝛿ኺ is the average upwash interference of the planform.[44] [45]

𝐶ፋᑔᑠᑣᑣ = 𝐶ፋᑦᑟᑔ cosΔ𝛼 − 𝐶ፃᑦᑟᑔ sinΔ𝛼 ≈ 𝐶ፋᑦᑟᑔ (2.18)
𝐶ፃᑔᑠᑣᑣ = 𝐶ፃᑦᑟᑔ cosΔ𝛼 + 𝐶ፋᑦᑟᑔ sinΔ𝛼 ≈ 𝐶ፃᑦᑟᑔ + 𝐶ፋᑦᑟᑔΔ𝛼 (2.19)

Δ𝛼 = 𝛿ኺ
𝑆
𝐶𝐶ፋᑦᑟᑔ (2.20)

The significant sweep of the planform warrants an additional correction for streamline curvature effects.
This effect is most conveniently accounted for as an additional offset in angle of attack Δ𝛼፬፜ due to
streamline curvature 𝛿ኻ and a change in pitching moment Δ𝐶ፌ, while leaving the corrected lift and
drag coefficients unaltered. Agard 109 provides the following relations that take into account some of
the shape parameters of the planform to determine the magnitude of the pitching moment correction.
In this relation below, ̄𝑐̄ is the mean aerodynamic chord, 𝑐̄ the mean geometric chord, and Λኺ.኿ the
averaged half chord sweep angle.

Δ𝐶ፃ = 𝛿ኺ
𝑆𝐶ኼፋ
𝐶 (2.21)

Δ𝛼፬፜ =
̄𝑐̄𝛿ኻ
2𝛽ℎ

𝑆𝐶ፋ
𝐶 (2.22)

𝛼፜፨፫፫ = 𝛼፮፧፜ + Δ𝛼 + Δ𝛼፬፜ (2.23)

Δ𝐶ፌ =
𝑐̄𝛿ኻ
16𝛽ℎ [(

̄𝑐̄
𝑐̄ )

ኼ
+ 13(𝐴 tanΛኺ.኿)

ኼ (2 −
̄𝑐̄
𝑐̄ )]

𝑆𝐶ፋ
𝐶
𝜕𝐶ፋ
𝜕𝛼 (2.24)

Evaluation of the above expressions shows that the correction to pitching moment is very limited. At
an angle of attack of 10 degrees, the correction Δ𝐶ፌᒆᎳᎲ = −7.9e−5 is of an order of magnitude smaller
than the highest standard deviation observed in the measurements set (as shown in Appendix B). The
correction to effective angle of attack is more significant though, with a value of Δ𝛼ᎎኻኺ = −0.142∘.
14Adapted from AGARDograph 109 [44]
15Adapted from AGARDograph 109 [44]
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Blockage corrections
Secondly, solid blockage is the blockage of the mean flow due to the presence of the model. In an
open jet solid blockage effects cause the body forces to be lower than those observed in free flight
conditions, inversely to a solid boundary test section, where the increased dynamic pressure increases
the model forces. This effect can be explained when imagining the image source doublets that repre-
sent the boundary effect in an open jet flow. These act in opposite direction to the wind tunnel flow.[43]

The non-dimensional interference velocity is defined as 𝜖 = ፮ᑚ
ፔᐴ
, while the effect of solid blockage is

most often denoted as 𝜖፬. A blockage correction for elliptical open test sections is used to estimate the
effect of solid blockage in the tested setup (Equation 2.25). In the relation below, 𝑇ፑ is a tunnel shape
parameter and 𝑉፬ the volume of the wing. 𝑇ፑ is estimated from Figure 2.16, using the width to height
ratio of the reflected tunnel setup:

𝑇ፑ = −0.325

𝜖፬ = (𝑇ፑ + 0.029) (
1
𝐶)

ኽ/ኼ 𝑉፬
𝛽ኽ (2.25)

Figure 2.16: Estimation of tunnel shape parameter ፓᑉ for open rectangular tunnels 16

The resulting value for solid blockage is 𝜖፬ = −0.0012. The change of effective freestream parame-
ters can be computed, using the linearised corrections for small 𝜖. The following equations provide
correction relations for velocity, dynamic pressure and Reynolds number. [45]

𝜖፬ = −0.0012

𝑉፜፨፫፫ = 𝑉፮፧፜(1 + 𝜖) (2.26)

𝑞፜፨፫፫ = 𝑞፮፧፜[1 + (2 −𝑀፮፧፜ኼ)𝜖] (2.27)

𝑅𝑒፜፨፫፫ = 𝑅𝑒፮፧፜[1 + (1 − 0.7𝑀፮፧፜ኼ)𝜖] (2.28)

The solid blockage correction to velocity is thus only a reduction of -0.12% of the uncorrected freestream
velocity. The corresponding correction to dynamic pressure at the test Mach number of 𝑀፮፧፜ 0.061
is -0.25%. In absolute terms this is a correction to dynamic pressure of -0.6Pa. Finally the Reynolds
number is reduced by the same fraction as freestream velocity, since 𝑀፮፧፜ኼ << 1. The corrections
to the aforementioned values are within the measurement accuracy range of the experiment. It is
therefore concluded that solid blockage can be safely neglected in the results.
16Adapted from AGARDograph 336 [45]
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Any wake blockage and buoyancy effects can also be assumed negligible for open test sections, since
the wake can freely expand before the collector behind the test section.[45] The spanwise downwash
distortion to local angle of attack along the span of the lifting surface is assumed negligible. In an open
jet wind tunnel the angle of attack near the tip is reduced compared to free flight, making tip stall start
at a higher geometric angle of attack. According to Barlow et al. the effect should be negligible for
surfaces that span less than 0.8 of the tunnel, which is why these effects are further ignored for the
tested setup. [43]

2.4.2. Vortex Lattice Method
With the advance of computing power, more advanced methods for wind tunnel corrections became
available. Most notably, panel methods have been used for a long time, due to their low computing
cost and applicability to solid wall wind tunnels. [44] Mokhtar and Britcher present results obtained
for a full scale Wright Flyer replica in the Langley Full-Scale Tunnel, which has a 3/4 open test section.
Their method of correction involves modelling the aircraft using a panel method, as well as a simplified
representation using horseshoe vortex singularities. Corrections are derived using an iterative process.
First, the solid wall interference is estimated using a zero normal velocity wall boundary condition.
Next, the shape of the test section is morphed, to find a shape closer to the open-jet wall boundary
condition. These steps are iterated until the solution converges. [47][48] The blended wing-body
study by NASA, discussed in Section 2.3, suggests the use of higher fidelity CFD calculations for more
accurate correction. [9]

Such involved methods are considered outside the scope of this work. A simpler method to correct
the performance of the wing to freestream conditions is described by Horsten and Veldhuis. [46] They
describe that the lift and drag curve slopes obtained from vortex lattice code “Athena Vortex-Lattice”
(AVL) can be used to estimate the gradient of the wall interference. Pseudo-viscosity is included in
the solution through 2D estimations by XFoil. In this routine, the inviscid solution of AVL is used to
estimate spanwise effective angle of attack distribution, which is used as an input for 2D airfoil code
XFoil. XFoil then provides an estimation of viscous effects of five wing sections. At each wing section,
the difference between local Reynolds number viscous and inviscid 2D airfoil calculations is used to
calculate a local additional wing twist required to reduce the local inviscid lift coefficient to the viscous
value. The resulting ”warped” wing is used as an input in AVL to obtain a pseudo viscous solution for
wing lift, and a spanwise effective angle of attack distribution for drag estimation. The drag is estimated
as the sum of induced drag from the vortex lattice code and the linearly interpolated values for viscous
drag from XFoil. As an example, the spanwise inviscid and ”viscous” lift distributions obtained from this
routine at 𝛼 = 5∘ is shown in Figure 2.17.

-1.5 -1 -0.5 0 0.5 1 1.5

Spanwise Position [m]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

S
ec

tio
n 

Li
ft 

c lc 
[-

]

, = 5°, Inviscid

, = 5°, Viscous

, = 10°, Inviscid

, = 10°, Viscous

Figure 2.17: Spanwise loading of the Flying V, as predicted by both the inviscid and viscous AVL/XFoil routines
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The resulting estimated lift and drag curves can be used to estimate the freestream aircraft perfor-
mance. Let 𝐶።ᑦᑟᑕᎳ be the undisturbed (free stream) coefficient computed from the above routine, 𝐶።Ꮃ be
the measured value and Δ𝐶።ᑚᑟᑥᎳ be the interference at a given angle of attack 𝛼ኻ. The measurement is
corrected for interference according to 2.29. The correction for the next measurement point at 𝛼 = 𝛼ኼ
is computed from the result at this point, and the interference gradient, as shown below.

𝐶።ᑦᑟᑕᎳ = 𝐶።Ꮃ − Δ𝐶።ᑚᑟᑥᎳ (2.29)

𝐶።Ꮄ = 𝐶።ᑦᑟᑕᎴ + Δ𝐶።ᑚᑟᑥᎴ (2.30)

𝐶።Ꮄ = 𝐶።Ꮃ +
𝜕𝐶።ᑦᑟᑕᎳ
𝜕𝛼 (𝛼ኼ − 𝛼ኻ) + Δ𝐶።ᑚᑟᑥᎳ +

𝜕Δ𝐶።ᑚᑟᑥᎳ
𝜕𝛼 (𝛼ኼ − 𝛼ኻ) (2.31)

The gradient of the interference can be computed directly, with 𝐶።Ꮃ𝑎𝑛𝑑𝐶።Ꮄ being measured values, and
the gradient

ᎧፂᑚᑦᑟᑕᎳ
Ꭷᎎ known from the vortex lattice routine.

𝜕Δ𝐶።ᑚᑟᑥᎳ
𝜕𝛼 =

(𝐶።Ꮄ − 𝐶።Ꮃ) −
ᎧፂᑚᑦᑟᑕᎳ
Ꭷᎎ (𝛼ኼ − 𝛼ኻ)

(𝛼ኼ − 𝛼ኻ)
(2.32)

Finally, this gives the interference and the corrected value at 𝛼ኼ:

Δ𝐶።ᑚᑟᑥᎴ = Δ𝐶።ᑚᑟᑥᎳ +
𝜕Δ𝐶።ᑚᑟᑥᎳ
𝜕𝛼 (𝛼ኼ − 𝛼ኻ) (2.33)

𝐶።ᑦᑟᑕᎴ = 𝐶።Ꮄ − Δ𝐶።ᑚᑟᑥᎴ (2.34)

Zero incidence angle is recommended as a starting point, since the initial interference either has to be
known, or is assumed to be small. Since most of the interference originates from lift, the interference
at 𝛼 = 0∘ is assumed to be small. It has to be taken in to account that small step sizes in alpha are
required to reduce error in the estimation. Therefore, the results from measurements, XFoil, as well
as those from AVL were represented as a spline to obtain values at steps of 0.01𝛼. Moreover, the
estimation is only valid as long as the combination of XFoil and AVL give a reasonably good estimation
of the required gradients.[46] When 3D viscous effects start to dominate the flow over the wing this is
surely not the case, as we will see in the next section.

2.4.3. Application of Corrections
The uncorrected and corrected results are summarized in Figure 2.18. Immediately, it can be observed
that the lift curve slope is indeed improved. Both correction methods agree reasonably well on the initial
𝐶ፋᒆ value, which is increased from 1.88𝑟𝑎𝑑ዅኻ to 2.12𝑟𝑎𝑑ዅኻ, an increase of 12.7%. Lift to drag ratio is
also significantly improved, with the vortex lattice correction predicting still less drag than the classical
correction estimates. As an example, let us take the lift to drag ratio improvement at two lift coefficients.
One representative for cruise, and another for optimum climb performance. A lift coefficient of 0.17
results in a level flight velocity of 35𝑚/𝑠. Maximum climb performance, is achieved at maximum 𝐶ኽፋ/𝐶ኼፃ
and a corresponding lift coefficient of approximately 0.3. For these lift coefficients, not taking into
account any control surface deflections required for trimmed flight, the L/D improvements predicted
through correction are provided in the table below.

𝐶ፋ Correction Method L/D
0.17 Uncorrected 8.8
0.17 Classical 9.5 (+8.2 %)
0.17 Vortex Lattice 10.3 (+17.0 %)
0.3 Uncorrected 9.7
0.3 Classical 11.4 (+17.5 %)
0.3 Vortex Lattice 12.6 (+29.9 %)

Table 2.1: L/D improvements estimated by corrected wind tunnel data
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(a) Corrected values for wing lift coefficient ፂᑃ
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(b) Corrected wing lift drag curve ፂᑃ/ፂᐻ
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(c) Corrected values for wing drag coefficient ፂᐻ
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(d) Corrected values for wing pitching moment coefficient ፂᑄ

Figure 2.18: Primary corrections for effective angle, lift, drag and pitching moment coefficients, using a vortex lattice routine
and conventional correction methods

Figure 2.18d shows that the pitching moment behaviour is not affected significantly by any correction
(Δ𝐶ፌ) in pitching moment magnitude. However, the existing pitching moment behaviour is stretched
due to the angle of attack correction. Qualitatively, it can therefore be concluded that the freestream
angle of incidence at which the pitch break occurs is reduced, but the exact angle is relatively uncertain.

Quantitatively any corrections above 𝛼 = 10∘ become increasingly doubtful. The assumptions required
for classical correction do not hold when large scale separation starts to present itself on the wing. The
vortex lattice routine earlier, while the drag approximation starts to depart from both the corrected
and uncorrected drag curves around 𝛼 = 7.5∘. From this incidence angle, 3D viscous effects and
vortex lift start to dominate the performance of the wing, rendering a fully 2D lift and drag analysis
worthless. Because the validity of the presented wind tunnel corrections can not be guaranteed over
the full angle of attack range of interest, it is decided to not correct the obtained results for engine
integration. Assuming that the discrepancy in effective angle of attack between wing-on and wing-off
is small also greatly simplifies the analysis. Stretching behaviour similar to the pitching moment graph
can be expected for any interference effects, resulting in lower absolute freestream angles of attack
for the wind tunnel geometric angles presented in the rest of this work.

With test flights scheduled in the near future, more data becomes available for validation purposes.
While comparing wind tunnel results to flight test data is a great method to gain further insight into
validity of the correction methods, correlation to flight data will come with its own set of challenges. For
example, the completeness of the flight model has to be taken into account and compared to the wind
tunnel model. The SSFT model will have an undercarriage and possibly a different surface finish. Also
the conditions in which data are obtained during flight testing have to be considered. For example, ob-
taining CLmax in a slightly sinking free flight condition can overestimate the actual value of CLmax.[43]
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3
Setup and Method

The previous Chapter has highlighted the current status of relevant research done on the Flying V,
expected trends of effects due to wind tunnel effects, available measurement techniques and common
practice regarding engine integration testing. This Chapter combines this information and describes
the hardware and method used to gather the data presented in this thesis. The components of the
setup (Half model wing, nacelle, engine, engine mount and rake) are further detailed in their respective
sections of this Chapter.

3.1. Experimental Setup
Combining the experience gathered by Palermo, Viet and Ruiz Garcia on the testing of the half model
Flying V, adding common practice of engine integration testing and taking into account the available
resources at Delft University of Technology results in the setup discussed in this Section. First the wind
tunnel is discussed, followed by a detailed description of the half model and the used measurement
equipment and methods. Finally an overview is provided of the test matrix and wind tunnel runs in
Section 3.2.

3.1.1. Test Facilities
The experimental campaign is conducted in the TU Delft Open Jet Facility (OJF). The OJF is a closed
loop, low speed wind tunnel with an octagonal test section of 2.85 by 2.85 meters and a maximum flow
velocity of approximately 35 m/s. The airflow is driven by a large fan, powered by a 500kW electric
motor. To reduce velocity deviations and turbulence of the flow, the flow is forced through several
dense wire meshes, before blowing into the test section through a contracting nozzle. Finally, any
added heat is removed from the flow after the test section by a 350kW radiator system, which keeps
the flow at a constant temperature.[49] A schematic of the OJF wind tunnel is provided in Figure 3.1.

Figure 3.1: Schematic of the Delft University of Technology OJF wind tunnel facility 1

27
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3.1.2. Model Description
The wind tunnel half model of the Flying V is a glass fibre composite wing, with a semi span of approx-
imately 1.5m. The planform dimensions are provided in Figure 3.2 The wind tunnel model represents
exactly half of the Flying V SSFT model, which is a 4.6% geometrically scaled model of the full scale
design.[10] Geometric scaling is required to fulfil similitude requirements for scaled flight testing. To
investigate flight characteristics at low flight velocities (low Mach numbers), at least Reynolds number

(᎞ፕ፥᎙ ) as well as Froude number (
ፕᎴ
፥፠ ) must be duplicated to achieve similitude of relative flow viscos-

ity and gravitational and inertial effects. In these equations 𝑙 represents some reference length, for
example mean aerodynamic chord length. [50] Turbulator strips are positioned at 5% chord to ensure
turbulent boundary layer flow over most of the wing surface. At the time of testing the SSFT is sched-
uled to be flown with turbulator tape at these chordwise positions. Therefore, the engine integration
is tested in this configuration.

The use of half models has one main drawback; the presence of a developing boundary layer on the
splitting plane. The presence of this boundary layer induces root flow conditions different from the
full-span model, altering the spanwise lift distribution of the model. Since the lifting surface starts
immediately in the case of the Flying V, this introduces a significant source of uncertainty to the exper-
iment. Additionally, the current setup does not feature a peniche between the model and the splitting
plane. Rather, a slight gap is present between the splitting plane and the root of the model. Research
by Eder et al. [51] suggests that this could actually lead to results that are more consistent with a
full-span model. Skinner and Zare-Behtash [52] also conclude that testing with an offset leads to more
consistent results, regardless of the relative height of the stand-off gap. However, due to the difference
in configurations tested, this is uncertain to be true for the Flying V half model.

Even though half models have their aforementioned drawbacks, Kooi et al. confirm they may be used
specifically when the higher achieved Reynolds number benefits an integration study.[38] This may be
the case when Reynolds number effects influence power plant installation effects or control surface
effectiveness. With the Flying V expected to show significantly different vortical flow structures over
the suction side of the airframe at varying Reynolds numbers, matching free flight and wind tunnel
Reynolds numbers becomes a major priority. A smaller full span scaled model would require the tunnel
to be ran at correspondingly higher velocity to achieve equal Reynolds number flow. [43] With a tunnel
maximum velocity of 35m/s, the half model testing done at 20m/s and limited resources, continuing
work on the half model is favoured over a smaller full span model.

Figure 3.2: Dimensions of the Flying V half model, as previously used by Palermo, Viet and RuizGarcia. Now including engine
position as proposed for the flight testing model. (Top view on the left, rear view on the right)

1Source: TU Delft [49]
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3.1.3. Nacelle and Rake
The nacelle is an axissymmetric design, with a slightly diverging inlet. The throat area 𝐴። is 0.010𝑚ኼ,
which diverges to the actuator disk surface area of 0.0113𝑚ኼ and then stays constant towards the
outlet. A cross sectional view of the nacelle can be found in Figure 3.3. The nacelle is constructed from
a double layered carbon fibre composite, to provide plenty of stiffness to the structure. To measure
the nacelle in through-flow conditions, the engine is replaced by an aluminium cylinder of equal inner
diameter.

Figure 3.3: Drawing of the nacelle and installed rake. Note that the measurement plane of the rake is located at the throat of
the engine intake.

(a) Photo of the nacelle and installed rake as installed
in the setup

(b) Isolated drawing of one of the four rake vanes, including pitot probes and position-
ing dimensions

Figure 3.4: Detailed figures of the nacelle mounted total pressure rake
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Total pressure is measured on the throat plane using a rake. Sixteen probes capture pressure data in
a single measurement, while turning of the rake allows the full inlet surface pressure to be recorded
through a series of measurements. Tubes in the nacelle are connected to a pressure transducer system,
featuring sixteen 600Pa relative pressure sensors. The reference pressure used during the experiment
is the static pressure of the test chamber, which is measured outside the wind tunnel jet. The signal
of the transducers is captured with Labview and averaged over ten seconds.

The rake consists of two integral parts; steel capillary tubes as probes, and 3D printed, symmetrical
wing profiles to host the probe tubes. Small channels in the profiles allow the measured pressure to
be transferred to tubing within the nacelle and continue to the pressure transducer system. SLA 3D
printing technology allows the printing of pressure channels, even in these small profiles, minimizing
blockage of the nacelle. Capillary tubes with an outer diameter of 1.3mm and a wall thickness of 0.1mm
are used as total pressure pitot tubes. These tubes offer maximum resistance to angular inflow due to
low wall thickness to tube diameter ratio. According to Barlow et al. [43], inflow angles up to 20∘ from
the probe axis should produce negligible effects on total pressure measurements for this thin walled
tube type, as shown in Figure 3.5. A detailed drawing of one of the four rakes in shown in Figure 3.4b.
A drawing of the nacelle and rake assembly is shown in Figure 3.3.

In hindsight, it should be noted that the pressure probes could have been positioned closer to the
nacelle wall for more complete information. Circumferential resolution sufficed, while radial resolution
could be improved. Quite a large outer section of the inlet face remains without information, while
pressure measurements as close as 2x the tube outer diameter from the wall are generally possible
without any wall interference effects. [43]

Figure 3.5: Pressure loss for different types of total pressure probes under sideslip 2

3.1.4. Engine
The engine system selected for the SSFT Flying V are two electrically powered ducted fans designed
for use on scale model aircraft (Schuebeler DS-86-AXI HDS®, Figure 3.6). One of these electric fans
is used during the wind tunnel campaign. It features 10 blades, a fan diameter of 120mm and a fan
swept area of 90𝑐𝑚ኼ. The fan is immediately followed by three stator vanes to reduce swirl of the
exhaust flow.

The motor of the fan is powered by 44.4V LiPo batteries in the flight testing model. During previous
testing, the engine has shown to require relatively high currents for a single battery supply, causing
the battery to overheat within a few minutes of running at full thrust. Thus, during wind tunnel testing
the use of a power supply is deemed more time efficient. Even though this limits the maximum power
at which the engine can be employed. Finally, overheating of the engine has to be prevented, which is
most conveniently monitored by installing a thermocouple on the motor driving the fan. The information
is summarized below.

2Source: Barlow et al. [43]
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Fan diameter 120mm
Max. RPM 33,500
Design voltage 44.4-50.4V (12S LiPo)
Max current 180A
Max. Thrust 86N
Weight 1190g
Max. Motor Diameter 56mm

Figure 3.6: Picture of the electric fan used in the wind tunnel
campaign 3

Electronic Speed Controller
Fan speed is controlled by an electronic speed controller. The specific type is a TMM 25063-3, developed
by MGM controllers. It controls the speed of the motor through the switching frequency of the three
phase power signal. While the motor is sensorless, the rotational velocity of the motor is estimated
through the back emf of the spinning motor. This value is logged by the ESC and stored on internal
flash memory. The lack of an encoder does not allow any feedback control to be implemented in the
setup and even though the logged rotational velocity was verified with a stroboscope, it provides a
significant source of uncertainty. In the current experiment, the thrust setpoint of the ESC was set
through a PWM signal from an Arduino Uno. DC power is supplied through a power supply of type
TDK-Lambda GEN-60-85-3P400, capable of providing a maximum current of 85𝐴 at 60𝑉. Its control is
set to provide a constant voltage of 50𝑉. The maximum thrust setpoint is limited by the power that
can be supplied by the supply.

Engine Support Strut
For this campaign is is decided to mount the engine on a support strut and connect it to the main
supporting elements under the reflection plane. The engine is not mounted directly to the wing to
allow for multiple engine positions to be tested and keep the wing surface intact.

The engine support strut consists of a steel beam structure, with a 3D printed aerodynamic fairing. The
fairing is based on the symmetric NACA 0012 profile, with a hollow leading edge to pass phase cables
to power the engine, and a hollow trailing edge to house the pressure tubing for rake measurements.
These are passed from the nacelle, through the fairing, to below the reflection plane, where the ESC
and pressure transducers are situated. The engine mount in this setup connects to the ”top” surface of
the nacelle, as far away and downstream from the wing as possible, to minimize upstream interference
effects. Figure 3.9a shows a drawing of the engine and strut next to the wing.

3.1.5. Setup Overview
A complete overview of the wind tunnel setup is given in Figures 3.7 and 3.8. A six axis strain gauge
balance is mounted on a turn table, which is bolted to the base support table. Forces are transferred
from the wing and engine to the balance through a stiff aluminium beam structure. The splitting
plane is positioned flush with the nozzle mouth to protect the balance reading from further airflow.
The reflection plane is positioned in clean air to provide it with a fresh boundary layer. Notice the
large aerodynamic shield required to protect the wing and engine mounting structure from the airflow
between the reflection plane and the splitting plane, while allowing rotation of the setup. Reference
values of the setup are provided in the table below. X locations are provided from the root leading edge
of the wing. The Y location of the balance is assumed in line with the CG Y location of the wing. The
airframe model with nacelles and nacelle supporting strut, mounted in the TU Delft OJF windtunnel, is
shown in Figure 3.9a.
3Source: https://www.schuebeler-jets.de/

https://www.schuebeler-jets.de/
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Figure 3.7: Side view and rear view of the complete wind tunnel setup

Figure 3.8: Overview of the complete wind tunnel setup
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(a) Close-up of the Engine and strut installed next to the wing

(b) Photo of the setup in the OJF

Figure 3.9: Closeup schematic of the engine and strut, photo of the wind tunnel setup

Variable Symbol Value
Wing surface Area S 0.935 [𝑚ኼ]

Mean Aerodynamic Chord ̄𝑐̄ 0.820 [𝑚]
Center of gravity X location 𝑥፜፠ 1.360 [𝑚]

Balance X location 𝑥፛ፚ፥ 1.011 [𝑚]

Table 3.1: Reference values of the half model setup

3.2. Method
The test matrix is heavily based on the previously recorded behaviour of the Flying V half model. Re-
search done by Palermo, Viet and Ruiz Garcia provided the clean wing trimmable angle of attack range
and optimum CG at 20m/s freestream velocity. The trimmable flight angle of attack range of the wing at
this velocity is limited due to a pitch break at 20∘ AoA, as further highlighted in Section 2.2.1. The op-
timum CG position defined from the spline model representation by Ruiz Garcia (1.360𝑚 from the nose
of the aircraft) is used for all moment coefficient plots in this work. These observations limit the region
of interest for integration measurements to an angle of attack range between −5∘ and 30∘.[10][11][12]

From work by Ruiz Garcia [12] it can be concluded that measurements are relatively constant within the
tested velocity domain. It is therefore decided to limit the size of the test matrix by testing at two free
stream velocities. The choice is made to use a tunnel speed of 20𝑚/𝑠 as the main measurements of the
campaign, since this is close to the intended takeoff and landing velocity of the SSFT model (𝑅𝑒 ≈ 1𝑒ዀ).
Thus, measurements could be used to judge takeoff performance of the SSFT model. Measurements
at a tunnel velocity of 15𝑚/𝑠 are used for additional information close to minimum flight speed and
to investigate some dependency on free stream velocity. Unfortunately testing the complete angle of
attack range at higher Reynolds numbers is not possible. Balance load limits are reached within this
flight envelope at higher wind tunnel velocities.
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3.2.1. Balance measurements
The balance measurement campaign consists of the following steps:

1. The first step the campaign is to calibrate the engine. To be able to separate effects as much as
possible, the calibration is split into three steps.

• First the support on which the isolated engine is mounted is tested to quantify its contribution
to lift, drag and pitching moment.

• The engine is easily disassembled from the nacelle to obtain a TFN. This TFN is tested for the
trimmable flight range (−5∘ to 30∘ with 2.5∘ step) to measure its lift and drag contributions.

• These tests are repeated with the fan installed and at a range of thrust setpoints to investi-
gate thrust effects on the isolated engine. Thrust is controlled through the PWM duty cycle
of the signal going to the ESC. A range of from idle to maximum thrust is used: 20% Duty
cycle to 70% Duty cycle, with a step size of 5%. The resolution of the angle of attack range
however, is reduced to 5∘ limiting the overall amount of testing time.

2. With engine calibration done, clean configuration half model tests will be done to repeat some
of the work done by Palermo, Viet and Ruiz Garcia for verification and validation purposes. The
modified setup is expected to provide similar balance results, and the root flow should not be
altered to allow meaningful engine integration on the inboard section. No control surface deflec-
tions will be taken into account. These surfaces are assumed to be far enough outboard to not
influence the inboard flow field, allowing the effects to be superimposed later. Runs at a range of
−5∘ to 30∘ angle of attack, with a step size of 2.5∘ are done. This should provide a good baseline
polar for the clean configuration, while providing some additional information around the pitch
break.

3. TFN integrated half model tests will follow to quantify the installation and interference effects of
the nacelle. The same range of incidence angles is used for this test as that of the isolated wing.

4. Tests with the wing and engine in power-on conditions are finally used to quantify the thrust
effects of the integration. Again, the step size between incidence angles is increased to 5∘ to
reduce the size of the test matrix.

3.2.2. Bookkeeping
The bookkeeping definitions given in this section are followed throughout the rest of this work. Results
of different measurement runs are combined to investigate the interaction between components. This
section describes the bookkeeping done to arrive at the installation and interference effects of the
propulsion system. Before stating any definitions, it is important to be aware of the notation used.
The letters used in the equations below each represent a component, the definitions of the letters are
summarized in Table 3.2. Letter combinations denote a measurement condition. For example, WENS
is a measurement result including the wing, engine in power on conditions and the engine strut, while
WNS defines the results obtained from the wing, nacelle and strut in TFN conditions. Following this
definition, WEN is the notation of the aircraft in power-on conditions.

Table 3.2: Bookkeeping Nomenclature

W Wing
N Nacelle
S Engine Strut
E Jet (Power-on)
P Total Engine (N+E)
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Bookkeeping Engine Strut
As a first bookkeeping step, the engine strut that is included in the setup has to be subtracted from
any measurement to obtain the forces acting on the aircraft only. The forces and moments acting on
the strut are subtracted from measurements taken on the isolated nacelle and engine. This is done for
both idle and powered conditions to arrive at the forces and moments acting on the isolated nacelle
and engine respectively (Equations 3.1 and 3.2).

𝑁 = 𝑁𝑆 − 𝑆 (3.1)

𝐸𝑁 = 𝐸𝑁𝑆 − 𝑆 (3.2)

Next, something similar can be done for the strut in wing-on conditions. In the following definitions,
it is assumed that the downstream effects of the wing on the strut are much larger than the upstream
effect of the strut on the wing. This allows the forces of the engine strut, under influence of the
wake of the wing 𝑆፰, to be taken as:

𝑆፰ = 𝑊𝑆 −𝑊 (3.3)

Then, these newly defined forces acting on the engine strut are subtracted from the wing-on mea-
surements of TFN and engine in the following way (Equations 3.4 and 3.5) resulting in the forces and
moments acting on the Wing/TFN and Wing/Engine combinations.

𝑊𝑁 = 𝑊𝑁𝑆 − 𝑆፰ = 𝑊𝑁𝑆 − (𝑊𝑆 −𝑊) (3.4)

𝑊𝐸𝑁 = 𝑊𝐸𝑁𝑆 − 𝑆፰ = 𝑊𝐸𝑁𝑆 − (𝑊𝑆 −𝑊) (3.5)

Installation and Integration Definitions
Combining the previously determined definitions, it is possible to obtain the installation and interference
effects of the wing, nacelle and jet. The installation effect at TFN conditions is defined as the addition
drag due to the installation of the engine at flow-through nacelle (idle) conditions. [42] The installation
effect of a nacelle or propulsion system is defined as the measurements of wing and engine, minus the
measurements of the isolated wing. It can be subdivided into the installation effect of the nacelle (3.6)
and the addition of thrust (3.7). Together they form the total installation effect of the engine (3.8).[42]

Nacelle Installation
𝐼ፍ = 𝑊𝑁 −𝑊 (3.6)

Jet Installation
𝐼ፄ = 𝑊𝐸𝑁 −𝑊𝑁 (3.7)

Engine Installation
𝐼ፏ = 𝑊𝐸𝑁 −𝑊 = 𝐼ፍ + 𝐼ፄ (3.8)

The interference effects of a nacelle or propulsion system are defined as the difference between the
installed system and the measurements of the isolated components. It can be subdivided into the
interference effect of the nacelle (3.9) and the interference effect of the jet (3.10). Addition results in
the interference effect of the engine (3.11). [42]

Nacelle Interference
𝐼𝑓ፍ = 𝑊𝑁 − (𝑊 +𝑁) (3.9)

Jet Interference Effect
𝐼𝑓ፄ = (𝑊𝐸𝑁 −𝑊𝑁) − (𝐸𝑁 − 𝑁) (3.10)

Engine Interference
𝐼𝑓ፏ = 𝑊𝐸𝑁 − (𝑊 + 𝐸𝑁) (3.11)
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Inlet measurements
A total pressure rake is used to map inlet distortion on the nacelle inlet. This should give a good idea
whether the idle engine is blanketed by the wing at high angles of attack, or actually receives relatively
clean air.

Measurements are conducted at three incidence angles; 5∘,15∘ and 25∘. At these angles the inlet
pressure is recorded for full thrust, idle and TFN nacelle conditions at a free-stream velocity of 20𝑚/𝑠.
These measurements should provide some insight into differences between TFN and full thrust condi-
tions and complement the understanding of the balance measurements. Also, at an incidence angle of
5∘ and 30𝑚/𝑠, power-on and idle conditions are tested to represent cruise. SAE-ARP-1420 suggests
that angular intervals of 45∘ is the minimum requirement, proposing the standard rake of eight times
five probes. [31] Therefore, it is decided to test at 22.5 degree spaced angles with the rake, to obtain
adequate coverage of measurement points over the full surface, even with the four times four probe
rake describes in Section 3.1.3. At the same time, blockage within the nacelle is reduced by introducing
fewer probes at each measurement interval. The measurement stations are visualized in Figure 3.10.

Repeatability of all the experiments is checked by performing measurements five times at each point
in the test matrix. The wind tunnel flow velocity is recorded by a pitot tube before the throat of the
tunnel for total pressure and a separate static pressure measurement. This serves as the reference
pressure for the recorded values in the nacelle.

Typically the rake has good accuracy for flow velocities at the intended normal flow direction and rapid
response to fluctuations in flow velocity. The dynamic pressure recordings were averaged over ten
seconds to obtain a mean total pressure recording. At high deflection angles the accuracy of the ob-
tained data may reduce. Also, the presence of the rake itself has some effect on the flow in the test
section. Therefore, no combined balance and rake measurements were used. [43]

Figure 3.10: Measurement stations of the pressure recordings visualized from the front view of the nacelle
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3.3. Frame of Reference
Three reference frames are used in this work; the balance, body and aerodynamic frames of reference.
Balance measurements (𝐹⃗፛ፚ፥,𝑀⃗፛ፚ፥) are recorded in the balance frame of reference. The transformation
matrix from the balance frame to the body-fixed reference frame is:

𝑇ፁ,፛ፚ፥ = [
−1 0 0
0 0 1
0 1 0

] (3.12)

Transformation between the balance and body frames of reference results in body forces and moments
(𝐹⃗ፁ and 𝑀⃗ፁ), with 𝑠ፁ,፛ፚ፥ the vector between the balance origin and wing center of gravity reference
point. Only the offset in X direction is used, and can be found in Table 3.1.

𝐹⃗ፁ = 𝑇ፁ,፛ፚ፥𝐹⃗፛ፚ፥ (3.13)

𝑀⃗ፁ = 𝑇ፁ,፛ፚ፥𝑀⃗፛ፚ፥ + 𝑠ፁ,፛ፚ፥𝐹⃗፛ፚ፥ (3.14)

The non-dimensional characteristic numbers lift, drag, pitching moment coefficient are presented in
aerodynamic (Kinematic) reference frame. Transformation between frames of reference is visualized
in Figure 3.11. Since only angle of incidence 𝛼 is varied during this campaign, the equations from
body frame of reference to non-dimensionalized coefficients in aerodynamic frame of reference can be
simplified to:

𝐶ፋ = (−𝐹፳ cos (𝛼) + 𝐹፱ sin (𝛼))/𝑞𝑆 (3.15)
𝐶ፃ = (−𝐹፱ cos (𝛼) − 𝐹፳ sin (𝛼))/𝑞𝑆 (3.16)
𝐶ፌ = 𝑀፲/𝑞𝑆𝑐̄ (3.17)

Figure 3.11: Aerodynamic Reference Frame in relation to Body-fixed Reference Frame4

4Source: TU Delft





4
Verification and Validation

Before taking a closer look at the obtained results, this Chapter provides an overview of the limitations
of the obtained results. First of all, note that the average of the raw measurements and their standard
deviations can be found in Appendix B. Section 4.1 provides an overview of the sources of uncertainty
and their impact on the data. Next, Section 4.2 and 4.3 discuss how the obtained results were verified
and models were validated.

4.1. Uncertainty Analysis
Experimental investigations always involve a level of uncertainty. The following sources of uncertainty
are identified for the conducted experiments:

• The setup is assumed infinitely stiff. However, during measurements the wing flexes and vibrates,
more so at higher incidence angles. Also with the engine mounted on a strut instead of directly to
the wing, positioning of the engine relative to the wing changes due to wing flexing.

• The wind tunnel inflow is not perfectly uniform. The OJF wind tunnel is shown to have a flow
uniformity (velocity deviations from mean velocity) of 0.5% and a turbulence level of 0.24%.[53]

• Measurement equipment precision and accuracy is limited. Balance measurements are recorded to
a precision of 0.01𝑁. Calibration of the balance has shown that the standard deviation of force and
balance measurements is also in the order of 𝒪(10ዅኼ)𝑁.

• Additionally the balance shows a slight drift in measurement value over time. Corrections are done
using linear interpolation between bias measurements at the start and end of a set of measurements.

• On a long term basis, the precision of setup is quite limited. The setup is aligned with the wind tunnel
using laser sheet, utilizing the leading edge split line as a reference. Due to the procedure followed,
the offset could be a combination of dihedral and angle offset. This manual procedure could produce
an error in incidence angle of the order of 𝒪(10ዅኻ)∘.

• Engine speed changes slightly due to change in internal resistance of the electronic speed controller
and power cables with temperature. This could be improved by installing an encoder and implement-
ing control feedback to achieve an exact speed setpoint. It is therefore decided that in its current
state, the engine setup is not suitable to investigate small differences in power consumption due to
wing wake ingestion. Instead, the power required is assumed constant with RPM. The power figures
given in Appendix C should be treated as rough estimates.

• Phase cables to the engine had to be most carefully installed to not transfer part of the forces that
should be measured by the balance.

• ESC data could not be captured for the full test matrix, due to limited memory capacity and the
absence of an option to further reduce the sample rate of the controller in software.
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40 4. Verification and Validation

• Finally there is the imperfect representation of the full span model by the half model representation.
Whilst argued to be a valid choice for the presented research (Section 2.1), the altered root flow
conditions introduce an unknown error to the recorded behaviour.

4.2. Verification
The increased blockage under the reflection plane was investigated using smoke flow. It was found
that the increased under table blockage did not induce a large upwash in front of the splitting plane
leading edge and that the flow over the table leading edge was nicely attached. Combined with the
consistency relative to previously obtained results it was concluded that the increased shield size did
not have a large impact on obtained results.

Propeller rotational speed was verified using a stroboscope and white paint on the propeller blades.
The propeller was run at the different speed setpoints used in the test matrix and the stroboscope was
adjusted to match the frequency of rotation. Comparison with the data recorded by the ESC revealed
that any measurement errors between the stroboscope and speed controller were negligible. The val-
ues recorded by the ESC are therefore taken as the exact rotational velocity of the fan in the rest of
this work.

The nacelle inlet total pressure measurements were verified using free steam total pressure recorded
by the wind tunnel. The undisturbed inflow of a through flow nacelle at 𝛼 = 0 should have a stagnation
pressure equal to the free stream. While the pressures in the inlet are recorded as pressure differential
to the test chamber static pressure, the measured differential should be equal to the dynamic pressure
of the wind tunnel jet. Figure 4.1 pressure displays the observed difference in total pressure between
the TFN at zero incidence and the recorded free stream total pressure, averaged over the four runs to
sweep the inlet plane.
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Figure 4.1: Difference between dynamic pressure measured on the inlet plane and the dynamic pressure measured by equipment
in the wind tunnel

It can be observed that the pressure is recorded with a maximum difference of approximately 3𝑃𝑎
over the inlet plane. This difference can mostly be accounted to the difference between wind tunnel
conditions in subsequent runs, when the rake is turned to its next angular position. The average
difference in total pressure on the inlet plane and in the free stream is approximately 10𝑃𝑎. It can
therefore be concluded that the total pressure is recorded with high precision, though with an offset of
approximately 10𝑃𝑎 to the wind tunnel recording at a free stream velocity of 20𝑚/𝑠. The results are
corrected for this discrepancy. The maximum recorded pressure loss is 420𝑃𝑎. Thus, the difference
of 3𝑃𝑎 due to altering conditions between runs is regarded as negligible compared to the distortion
effects that are measured.



4.3. Validation 41

4.3. Validation
Analysis by both Palermo [10] and Ruiz Garcia [12] has shown that short term repeatability of the
setup is quite good and confidence intervals are generally small. However, no investigation to this
point has been done to check its long term repeatability. The plots of Figures 4.2a, 4.2b and 4.2c are
obtained from clean wing wind tunnel runs, with the control surfaces undeflected. The raw data of
these experiments was treated in the same way to arrive at the displayed results. The three sigma
(short term) confidence intervals of the measurements obtained by the author are shown in the plots
for comparison, with the sample standard deviation taken as:

𝑠 = √
∑፧ኻ(𝑥። − 𝑥̄)ኼ
𝑛 − 1 (4.1)

In which, 𝑥። is a measurement value, 𝑥̄ is the sample mean and 𝑛 is the number of samples. It has to
be noted that five samples were taken at each measurement point in this campaign, compared to the
three samples taken by both Ruiz Garcia and Palermo in their respective campaigns. The additional
measurements were deemed necessary to obtain more confidence in the relatively small interference
effects.

Moreover, with the bookkeeping required to arrive at installed engine conditions, the addition and
subtraction of uncertainties has to be taken into account. When assuming that two measurement
conditions (a and b) are completely independent, the standard deviation of the added (or subtracted)
results can be computed as the square root of the two sample variances (Eq. 4.2). Therefore, as a
result of the bookkeeping, the uncertainty of the obtained result grows.

𝑠 = √𝑠ኼፚ + 𝑠ኼ፛ (4.2)

From the plots of Figure 4.2 a couple of conclusions can be drawn. First of all, short term repeatability
seems very good. Taking out any outliers results in the short term standard deviations of the order
𝒪(10ዅኽ) for lift, drag and pitching moment coefficient. From the lift curve of Figure 4.2a it can be
suggested that there is a slight angular offset between runs. The closeness between the lift/drag
curve of Figure 4.2b confirms that this may be the case. However, the slope of the pitching moment
behaviour also seems to be slightly higher at lower angles, with the additional resolution showing two
local increases in pitching moment at 𝛼 = 12.5∘ and 𝛼 = 17.5∘. While the trend of all measurement
campaigns is clearly the same, and the absolute values in terms of lift and drag are very close, in most
cases the repeatability on the short term is much better than the long term one. In other words, the
precision of the experiment is great, while the accuracy between campaigns is much more limited.

Long term repeatability is limited due to slight changes to hardware and unavoidable error introduced
when setting up the experiment. When setting up the experiment, the wing is lined up with the wind
tunnel flow direction using a laser sheet. The laser sheet is positioned manually on the wind tunnel
centerline, on which the leading edge split line of the wind tunnel model is placed. However, when
there is an offset in dihedral of the wing, this consequently results in a mismatch of angle of attack
when lining it up with the laser sheet. The construction of the setup thus introduces unavoidable errors
in this respect and care has to be taken to compare only runs with as few changes to the setup as
possible. The wing was mounted and dismounted only when required due to the test matrix. Finally,
also the setup of engine position has some effect on the obtained results. Therefore, while the long
term repeatability of engine positioning was not tested, it has to be assumed that its uncertainty is in
the same order of magnitude as that of the wing.
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(a) ፂᑃ - Repeatability of the Flying V half model setup
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(b) ፂᑃ/ፂᐻ - Repeatability of the Flying V half model setup
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(c) ፂᑄ - Repeatability of the Flying V half model setup

Figure 4.2: Comparison of previously obtained (Palermo [10] and Ruiz Garcia [12]) clean-wing results to the results of the
present campaign

Significance of interference effects
The interference effects between airframe, engine and engine jet are quite small. Therefore, an im-
portant question to answer is: are the observed differences statistically significant? This section aims
to explain the method used to determine. It shows whether there is value in the obtained results and
where the measurement precision was not high enough to trust the recorded differences.

To investigate whether the measured installation and interference effects are significantly different to
uninstalled effects, a two tail t-test for two random samples with unknown variance is performed. In
essence, this test gives an approximation for the probability that two sample means are significantly
different, by estimating the normal distribution of the difference between the sample means. Since the
total population variance and means (𝜎 and 𝜇) are unknown (only the sample variance and mean are
known), the sample variance and sample size (𝑆 and 𝑛) are used to estimate the t-statistic. Next, the
Student’s t-distribution with the corresponding degrees of freedom is used to determine the statistical
significance of the difference between the means. To establish a region of validity, a two tail test, with
significance level 0.1 (95% certainty of a real difference between the means) is chosen.
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For this analysis, it is assumed that all conditions for inference are met. In other words, the samples
are assumed to be random and independent and taken from a normally distributed population.[54] This
is extremely important, because the assumed Student’s t-distribution would otherwise be invalidated.
For measurement samples, these assumptions generally hold. Note that, in this case, an increasing
number of samples taken brings the Student’s t-distribution closer and closer to the normal distribution
the random sample was taken from, with the first five degrees of freedom making the greatest relative
steps.

To determine how significant the difference between results is, one can test the following hypothesis.
For the null hypothesis 𝐻ኺ it is assumed that the population mean of the first measurement condition
is equal to the second measurement condition. The corresponding alternative hypothesis 𝐻ፚ states
that the means of the two populations are not equal. The probability distribution between these two
hypotheses is a measure for the significance of the difference between measurement conditions.

𝐻ኺ ∶ 𝜇ፚ = 𝜇፛ , 𝐻ፚ ∶ 𝜇ፚ ≠ 𝜇፛ (4.3)

Assuming the null hypothesis results in the following definition for the t-test with unknown population
means and variances. [54]

𝑡 = ̄𝑥ፚ − ̄𝑥፛
√ ፬Ꮄᑒ
፧ᑒ
+ ፬Ꮄᑓ
፧ᑓ

(4.4)

Using the definition of a Student’s t-distribution cumulative distribution function, the probability of
the null hypothesis being true is tested. Equation 4.6 shows the Student’s t-distribution function for
𝑣 = 𝑛−1 = 4 degrees of freedom, with 𝐹(𝑡) the cumulative distribution function and 𝑓(𝑢) the probability
density function.[54]

𝐹(𝑡) = ∫
፭

ዅጼ
𝑓(𝑢)𝑑𝑢 (4.5)

𝐹(𝑡) = 1
2 +

3
8

𝑡

√1 + ፭Ꮄ
ኾ

[1 − 1
12

𝑡ኼ

1 + ፭Ꮄ
ኾ

] (4.6)

Finally, the probability of the null hypothesis being true is then given as:

𝑃(𝑢 ≤ |𝑡|) = 2(1 − 𝐹(|𝑡|)) (4.7)

𝑃(𝑢 ≤ |𝑡|) = 1 − 34
|𝑡|

√1 + |፭|Ꮄ
ኾ

[1 − 1
12

|𝑡|ኼ

1 + |፭|Ꮄ
ኾ

] (4.8)

To reject 𝐻ኺ with 95% certainty (𝛼 = 0.10), and therefore claim that the measurements are significantly
different, a two tail t-test has an absolute critical t value |𝑡፜፫።፭| of 2.776. For any t-value higher than
2.776 the measurements are seen as significantly different, either in positive or negative direction
compared to the reference condition. The plots on (Figures 4.3a up to and including 4.4c) show the
t-statistic for interference effect measurements for powered testing at 20 m/s. The dashed red lines
indicate the contour of |𝑡፜፫።፭| = 2.776. This indicates that the areas with higher t-statistic values,
enclosed by the domain boundaries and the red dashed lines, contain a significant difference with 95%
certainty. From these figures the conclusion can be made that there are definitely interference effects
that are large enough to be deemed significant, even for the limited accuracy and precision of the
setup.
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(a) T-statistic for Engine Interference ጂፂᑃ measurements
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(b) T-statistic for Engine Interference ጂፂᐻ measurements
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(c) T-statistic for Engine Interference ጂፂᑄ measurements

Figure 4.3: Surface plots showing the t-statistic for engine interference ጂፂᑃ (a), ጂፂᐻ (b) and ጂፂᑄ (c), for combinations of ፉ
and ᎎ

Jet Interference
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(a) Surface plot showing the t-statistic for ጂፂᑃ measurements, for
combinations of ፉ and ᎎ (jet effect, power-on conditions)
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(b) Surface plot showing the t-statistic for ጂፂᐻ measurements, for
combinations of ፉ and ᎎ (jet effect, power-on conditions)
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(c) Surface plot showing the t-statistic for ጂፂᑄ measurements, for
combinations of ፉ and ᎎ (jet effect, power-on conditions)

Figure 4.4: Surface plots showing the t-statistic for jet interference ጂፂᑃ (a), ጂፂᐻ (b) and ጂፂᑄ (c), for combinations of ፉ and ᎎ

4.4. Validation of Engine Model and Performance
The figures below show that the basic engine model that was fitted to the data at a velocity of 20 m/s
is not very sensitive to changes in velocity. At least for this small velocity change, extension of the
curves to include advance ratios of the measurements at 15m/s show a very good fit. This indicates
that the model based only on advance ratio works well enough for the intended purpose and that no
Mach or Reynolds number dependent terms (Section 2.2.2) are required.

It can be concluded that the fan has a stable enough rotational velocity to be used for integration
measurements. And the relations can be used to estimate both the thrust force, as well as the thrust
coefficient of the engine at a given advance ratio. The thrust force coefficient is indirectly used to
subtract engine contribution in the bookkeeping scheme. The thrust coefficient is used to approximate
inlet velocity for distortion measurements.
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Figure 4.5: Engine thrust models as a function of advance ratio J





5
Results

This chapter shows the most important results obtained during wind tunnel testing. The chapter builds
up in Sections 5.1 to 5.4 from the unpowered testing of the wing and wing plus nacelle, to the isolated
engine testing and finally on to the powered airframe. Section 5.5 provides the results from rake
measurements of the engine inlet. Finally, Section 5.6 shows how large the effect of the measured
integration effects are on the flight characteristics of the Flying V.

All of the results presented here are obtained using the bookkeeping definitions provided in Appendix
A, where all the bookkeeping equations are visualized for easier understanding. Note that in this work,
absolute performance numbers and installation contributions are surface plotted as a ”jet” colour range
from blue to yellow to red. Relative numbers (interference) are plotted with a colour range with negative
values blue and positive values red.

5.1. Wing
Figure 5.1a shows the relation between lift and drag for the Flying V wing. The curve of the model
shows a clear kink around 𝛼 = 10 degrees. At low incidence angles, the common quadratic relation
between CL and CD can be used to describe the aerodynamic performance of the airframe. It is clear
though, that while fitting well at the lower incidence angles, the offset at high angle of attack becomes
large. At higher lift coefficients, the curve starts to follow the slope of the 𝐶ፋ tan(𝛼) relation between
lift and drag more closely. This is the variation expected when the lift force is perpendicular to the wing
chord, due to leading edge suction being reduced. [55]

Figure 5.1b shows the results obtained by Jones and Cohen for a swept wing model with 60∘ sweep, at
𝑅𝑒 = 8∗10ዀ. Even though the Flying V has a higher aspect ratio, judged from the slope of the quadratic
lift drag curve, the similarities between the results of the Flying V and their results are remarkable.
Jones and Cohen explain the departure at approximately 𝐶ፋ = 0.3 from the classical lift drag relation
as the onset of flow separation on a swept wing, which leads to a reduced leading edge suction and
lift force perpendicular to the chord. [55] They state that this value corresponds to a lift coefficient of
1.2 with respect to the normal component of the stream velocity. Therefore it is roughly equal to the
normal stalling lift coefficient in straight flow. While lift does steadily increase after the ”onset of stall”,
this point could also be seen as the point from which vortex lift starts to play a significant role in the
total lift production of the wing. Oil flow measurements by Viet [11] confirm this idea, as can be seen
from the surface flow topology in Section 2.1. For the Flying V, the angle of incidence corresponding
to this lift coefficient is approximately 10∘. Note also the comparably higher lift coefficient at which a
pitch break occurs in the Flying V results.
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(a) Force measurements indicating ”flow separation” on the Flying V,
ፑ፞ ዆ ኻ ∗ ኻኺᎸ, ፱ᐺᐾ ዆ ኻ.ኽዀ፦

(b) Force measurements indicating flow separation on model with large
angle of sweep, ፑ፞ ዆ ዂ ∗ ኻኺᎸ1

5.2. Wing + Nacelle
This section shows the balance results obtained for the wing plus nacelle in through flow conditions at
20m/s. The results at 15m/s are included in Appendix B. First the installation effects of the nacelle are
shown, after which the interference effects are given. For the nacelle, these effects seem to be very
closely related.

5.2.1. Nacelle Installation
In general, the contribution of the nacelle to total airframe lift and drag is small. The installation
contribution 𝐼ፍ of the nacelle is hardly distinguishable from the lift and drag curves of the isolated
wing. Only when 𝐼ፍ is plotted separately in Figure 5.2b, its contribution to lift and drag become clear.
The circulation of the wing seems to result in a downwash on the nacelle at moderate incidence angles,
effectively producing slightly negative inflow angle of attack to the nacelle, thus giving it a negative lift
contribution. Figure 5.2a shows that the nacelle has a destabilizing effect from 𝛼 = 5∘ to 𝛼 = 10∘ and
a slight stabilizing effect at high angles of attack beyond the pitch break.

𝐼ፍ = 𝑊𝑁 −𝑊 (5.1)

-5 0 5 10 15 20 25 30

Angle of Attack, , [deg]

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.11

P
itc

hi
ng

 M
om

en
t C

oe
ffi

ci
en

t, 
C

M
 [-

]

W
WN

(a) Comparison of ፂᑄ vs ᎎ for the isolated Wing and the Wing+TFN
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(b) Effect of Nacelle installation

Figure 5.2: Nacelle installation effect ፈᑅ

1Adapted from: Jones and Cohen[55]
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5.2.2. Nacelle Interference
Comparing the installation (Figure 5.2b) and interference (5.3b and5.3c) contributions of the nacelle,
it becomes clear that the the interference effects between wing and nacelle dominate the additional
forces generated by the nacelle in wing-on condition. I.e. (𝑊𝑁−(𝑊𝑆−𝑆))−(𝑊+(𝑁𝑆−𝑆)) = 𝑊𝑁−𝑊.

The forces generated by the isolated nacelle are plotted in Figure 5.3a for comparison. These forces
and moments are identical for both freestream velocities. The nacelle lift and drag contribution in clean
air are small at small angles. Therefore, most of the installation effects of the nacelle are a direct effect
of the interference between the nacelle and wing elements. The nacelle induces a gradually increasing
amount of extra lift in the range between 𝛼 = 5∘ and 𝛼 = 12.5∘, which then quickly reduces in value and
remains small for values of 𝛼 = 15∘ and up. The nose down pitching moment induced is proportional
to the increased amount of lift. Measurements at 15𝑚/𝑠 and 20𝑚/𝑠 show that nacelle interference
trends are similar at low incidence angles, but show a very different trend at high angle of attack.

𝐼𝑓ፍ = 𝑊𝑁 − (𝑊 +𝑁) (5.2)
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(a) Isolated Nacelle contributions to lift, drag and pitching moment
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(b) Wing - nacelle interference effects 20m/s
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(c) Wing - nacelle interference effects 15m/s

Figure 5.3: Nacelle interference effect ፈ ᑅ፟

5.3. Isolated Jet
Measurements of the isolated engine are used to model the thrust generated by the ducted fan. Do
note that in this case we are only modeling the jet. Subtracting the measurements of the nacelle and
strut from tests in power-on conditions, provides an estimation for the thrust generated (Eq. 5.3). In
this way the drag of the nacelle, including any added internal drag in power-on conditions, is directly
accounted for as a loss of thrust. Using only the measurements at zero incidence angle allows the
construction of an engine model as a function of J, which is further discussed below.
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𝐸 = 𝐸𝑁𝑆 − 𝑁𝑆 (5.3)

The common definitions of (propeller) thrust coefficient 𝑇ፂ and 𝐶ፓ, as well as advance ratio 𝐽 are
repeated in Equations 5.4, 5.5 and 5.6 below. [19]

𝑇ፂ =
𝑇
𝑞𝑆 (5.4)

𝐶ፓ =
𝑇

𝜌𝑛ኼ𝐷ኾ (5.5)

𝐽 = 𝑉ጼ
𝑛𝐷 (5.6)

Dimensional analysis in 2.2.2 reveals that CT is a function of Reynolds number, tip Mach number and
advance ratio.[19] Plotting the measured data shows that for the used range of power setpoints, CT is
linear with J. Reynolds number and tip Mach number can thus safely be disregarded when only using
the model at a single free stream velocity. Least squares allows fitting of the model to the data. The
resulting models for 𝑇ፂ and 𝐶ፓ are given in Equations 5.9 and 5.7, and plotted in Figures 5.4a and
5.4b. Both the models have an R-squared value larger than 0.99 and a probability value 𝑝 << 0.001
suggesting a very good fit. 𝐶ፓ = 𝑎𝐽 + 𝑏 (5.7)

𝐶ፓ = −0.721𝐽 + 0.954 (5.8)
𝑇ፂ = 𝑐𝐽ዅኼ + 𝑑𝐽ኼ + 𝑒 (5.9)
𝑇ፂ = 0.025𝐽ዅኼ + 0.011𝐽ኼ − 0.0297 (5.10)
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Figure 5.4: Engine thrust models as a function of advance ratio J

5.4. Wing + Engine
This section describes the main balance results of the campaign, the performance of the powered
airframe. Now, to aid the observations made in this section, the results obtained at both free stream
velocities are included. Equation 5.11 shows how the presented numbers were obtained from raw
measurements using bookkeeping. Figures 5.5a, 5.5c and 5.5e respectively show the lift, drag an
moment coefficient at 20𝑚/𝑠, with a single line per power setpoint. Results at 15𝑚/𝑠 are shown in
Figures 5.6a, 5.6c and 5.6e. It has to be taken into account that the choice is made to add the thrust
and drag in drag values, so that negative drag occurs for high power setpoints. (The interference drag
penalty that may occur can be observed in their respective plots, later in this chapter) The surface plots
(5.5b,5.5d,5.5f,5.6b,5.6d,5.6f) give an overview of the results in the 𝛼 vs 𝐽 domain.

𝑊𝐸𝑁 = 𝑊𝐸𝑁𝑆 − (𝑊𝑆 −𝑊) (5.11)
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Comparing the results obtained at 15𝑚/𝑠 and 20𝑚/𝑠 shows that forces and moments match very nicely
for equal incidence angle and advance ratio! Lower advance ratios were obtained at 15𝑚/𝑠 and the
observed effects are more pronounced for this relatively higher thrust. From the figures it can be seen
that the slope of the lift curve increases for lower J (increasing thrust). Moreover, the drag curves
shift left nicely for higher thrust. Finally, the engine induces a gradually increasing nose-down pitching
moment for lower J. However the change in 𝐶ፌ is not equal between different incidence angles and
power settings. At 15𝑚/𝑠 and low advance ratios a significantly higher nose down pitching moment
is generated than at 20𝑚/𝑠 and maximum thrust. A minimum 𝐶ፌ of close to -0.04 is generated at
𝛼 = 15 and an advance ratio 𝐽 = 0.28. Irrespective of engine setpoint, the powered aircraft still shows
unstable pitch behaviour at 𝛼 > 20∘.
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(b) Surface plot showing ፂᑃ for combinations of ፉ and ᎎ (wing+engine,
power-on conditions)
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(c) ፂᑃ vs ፂᐻ for the wing+engine in power-on conditions
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(d) Surface plot showing ፂᐻ for combinations of ፉ and ᎎ (wing+engine,
power-on conditions)
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(e) ፂᑄ vs ᎎ for the wing+engine in power-on conditions
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(f) Surface plot showing ፂᑄ for combinations of ፉ and ᎎ (wing+engine,
power-on conditions), white dashed line highlights T=D

Figure 5.5: Powered airframe lift, drag and pitching moment (ፕᐴ ዆ ኼኺ፦/፬, ፱ᐺᐾ ዆ ኻ.ኽዀ፦)
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(a) ፂᑃ vs ᎎ for the wing+engine in power-on conditions ፕᐴ ዆ ኻ኿፦/፬
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(b) Surface plot showing ፂᑃ for combinations of ፉ and ᎎ (wing+engine,
power-on conditions) ፕᐴ ዆ ኻ኿፦/፬
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(c) ፂᑃ vs ፂᐻ for the wing+engine in power-on conditions ፕᐴ ዆ ኻ኿፦/፬
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(d) Surface plot showing ፂᐻ for combinations of ፉ and ᎎ (wing+engine,
power-on conditions), white dashed line highlights T=D, ፕᐴ ዆ ኻ኿፦/፬
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(e) ፂᑄ vs ᎎ for the wing+engine in power-on conditions ፕᐴ ዆ ኻ኿፦/፬
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(f) Surface plot showing ፂᑄ for combinations of ፉ and ᎎ (wing+engine,
power-on conditions) ፕᐴ ዆ ኻ኿፦/፬

Figure 5.6: Powered airframe lift, drag and pitching moment (ፕᐴ ዆ ኻ኿፦/፬, ፱ᐺᐾ ዆ ኻ.ኽዀ፦)

5.4.1. Engine Installation
Not taking any interference into account, the contribution of the engine thrust to the lift, drag and
pitching moment could be estimated with basic trigonometry. In terms of lift, one would expect the lift
contribution of the engine to be the product of the thrust force coefficient (𝑇ፂ, in body reference frame)
and the sine of the incidence angle. Equally, the change in drag is expected to be proportional to the
cosine of alpha. Finally, the change in pitching moment is expected to be the thrust force, multiplied by
the relative moment arm of the engine to the balance in balance reference frame (Δ𝑌፛ፚ፥/ ̄𝑐̄, Z-direction
in body reference frame).

Δ𝐶ፋ = 𝑇ፂ sin (𝛼) (5.12)
Δ𝐶ፃ = 𝑇ፂ cos (𝛼) (5.13)
Δ𝐶ፌ = 𝑇ፂΔ𝑌/𝑐̄ (5.14)

The observations made in the previous section are depicted as the engine installation effect (Equation
5.15) below. From the Figure 5.7 it is clear that measured installation values for the complete en-
gine deviate from a basic trigonometric contribution of thrust. Lift contribution does not continuously
increase with angle of attack, nor does the contribution to pitching moment. Finally, comparing 𝐼ፏ
at 15𝑚/𝑠 and 20𝑚/𝑠 confirms that the values match for identical 𝛼 and 𝐽, as was suggested in the
previous section. Apparently, the total engine contribution is not very sensitive to changes in velocity.

𝐼ፏ = 𝑊𝐸𝑁 −𝑊 = 𝐼ፍ + 𝐼ፏ (5.15)
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(a) Surface plot showing Engine Installation ጂፂᑃ for combinations of
ፉ and ᎎ (ፕᐴ ዆ ኼኺ፦/፬)
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(b) Surface plot showing Engine Installation ጂፂᑃ for combinations of
ፉ and ᎎ (ፕᐴ ዆ ኻ኿፦/፬)
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(c) Surface plot showing Engine Installation ጂፂᐻ for combinations of
ፉ and ᎎ (ፕᐴ ዆ ኼኺ፦/፬)
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(d) Surface plot showing Engine Installation ጂፂᐻ for combinations of
ፉ and ᎎ (ፕᐴ ዆ ኻ኿፦/፬)
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(e) Surface plot showing Engine Installation ጂፂᑄ for combinations of
ፉ and ᎎ (ፕᐴ ዆ ኼኺ፦/፬ , ፱ᐺᐾ ዆ ኻ.ኽዀ፦)
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(f) Surface plot showing Engine Installation ጂፂᑄ for combinations of
ፉ and ᎎ (ፕᐴ ዆ ኻ኿፦/፬, ፱ᐺᐾ ዆ ኻ.ኽዀ፦)

Figure 5.7: Engine installation effect on lift, drag and pitching moment at ፕᐴ ዆ ኼኺ፦/፬ (left) and ፕᐴ ዆ ኻ኿፦/፬ (right)

5.4.2. Engine Interference
From the previous section it follows that there is significant interference between the wing and engine.
The following plots show the interference effects observed between airframe and engine in power-on
conditions. It should be noted that this is defined as the sum of the nacelle-wing interference and
the engine jet-wing interference, as can be seen in Equation 5.16. The plots again show a linear
interpolation between measurement points.

𝐼ፏ = 𝑊𝐸𝑁 − (𝑊 + 𝐸𝑁) = 𝐼ፍ + 𝐼ፄ (5.16)

In terms of lift the following can be observed from Figure 5.8a. First of all, in the low angle of attack
range up to 15∘, the engine interference behaves as predicted. In this region, flow over the wing is
still mostly attached, and no vortex lift is produced yet. This can be observed from the results of the
isolated wing in Section 5.1. The interference between engine and wing results in some additional lift
at these moderate incidence angles, with a maximum Δ𝐶ፋ of +0.04 at maximum tested thrust setpoint
and 𝛼 = 10. This increase in lift can most readily be explained by an increase of suction on the upper
wing surface, reducing pressure in front of the engine intake and thus increasing lift, as explained
and depicted in Section 2.2.3. The lift increase at high advance ratios at this angle can be accounted
to wing-nacelle interference, which was already discussed in 5.2.2. The slight loss of lift at higher
incidence angles is also mostly the result of wing-nacelle interference, as it does not seem to change
much under the influence of changing thrust.
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Due to the difference in relative velocity, a different range of advance ratios was tested for the differ-
ent free stream velocities. The results obtained at 20m/s and 15m/s are now plotted side by side with
matching range of advance ratios on the plots y-axis, so that the interference effects may be compared
between free stream flow velocities. At 20𝑚/𝑠 engine operation has a detrimental effect on wing-body
drag above 𝛼 = 5∘, resulting in a maximum drag penalty of 60 counts, at 10∘ and full thrust. At this
incidence angle this equates to 16.5% of the isolated wing drag! Please do note that distinguishing
between loss of engine thrust and increase in airframe drag is not possible with the used setup. How-
ever, as will be observed from intake measurements in Section 5.5 a large amount of intake distortion
could contribute to an increase in interference drag.

At incidence angles lower than 5∘ engine operation is somewhat beneficial, with a maximum contribu-
tion to thrust due to interference of approximately 20 counts. At 𝑉ጼ = 15𝑚/𝑠 a quite different trend
is observed. While some interference drag remains at 10∘, higher incidence angles show much more
benefit due to interference. Drag is actually reduced by up to 100 counts (5% of wing drag) at 20∘
angle of attack, mostly due to jet interference. This can be confirmed from Figure 5.10d.

Finally, Figure 5.8e and 5.8f show pitching moment trends corresponding to the effects shown in lift.
An additional nose down pitching moment is observed between 5∘ and 12.5∘ angle of attack, followed
by an increase in nose up pitching moment from 12.5∘ to 22.5∘.
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(a) Surface plot showing Engine Interference ጂፂᑃ for combinations
of ፉ and ᎎ (ፕᐴ ዆ ኼኺ፦/፬)
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(b) Surface plot showing Engine Interference ጂፂᑃ for combinations
of ፉ and ᎎ (ፕᐴ ዆ ኻ኿፦/፬)
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(c) Surface plot showing Engine Interference ጂፂᐻ for combinations
of ፉ and ᎎ (ፕᐴ ዆ ኼኺ፦/፬)
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(d) Surface plot showing Engine Interference ጂፂᐻ for combinations
of ፉ and ᎎ (ፕᐴ ዆ ኻ኿፦/፬)
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(e) Surface plot showing Engine Interference ጂፂᑄ for combinations
of ፉ and ᎎ (ፕᐴ ዆ ኼኺ፦/፬, ፱ᐺᐾ ዆ ኻ.ኽዀ፦)
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(f) Surface plot showing Engine Interference ጂፂᑄ for combinations
of ፉ and ᎎ (ፕᐴ ዆ ኻ኿፦/፬, ፱ᐺᐾ ዆ ኻ.ኽዀ፦)

Figure 5.8: Engine interference effect on lift, drag and pitching moment at ፕᐴ ዆ ኼኺ፦/፬ (left) and ፕᐴ ዆ ኻ኿፦/፬ (right)

5.4.3. Jet Installation Effects
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(a) Surface plot showing Jet Installation ጂፂᑃ for combinations of ፉ
and ᎎ (ፕᐴ ዆ ኼኺ፦/፬)
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(b) Surface plot showing Jet Installation ጂፂᑃ for combinations of ፉ
and ᎎ (ፕᐴ ዆ ኻ኿፦/፬)
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(c) Surface plot showing Jet Installation ጂፂᐻ for combinations of ፉ
and ᎎ (ፕᐴ ዆ ኼኺ፦/፬)
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(d) Surface plot showing Jet Installation ጂፂᐻ for combinations of ፉ
and ᎎ (ፕᐴ ዆ ኻ኿፦/፬)
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(e) Surface plot showing Jet Installation ጂፂᑄ for combinations of ፉ
and ᎎ (ፕᐴ ዆ ኼኺ፦/፬ , ፱ᐺᐾ ዆ ኻ.ኽዀ፦)
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(f) Surface plot showing Jet Installation ጂፂᑄ for combinations of ፉ
and ᎎ (ፕᐴ ዆ ኻ኿፦/፬, ፱ᐺᐾ ዆ ኻ.ኽዀ፦)

Figure 5.9: Jet installation effect on lift, drag and pitching moment at ፕᐴ ዆ ኼኺ፦/፬ (left) and ፕᐴ ዆ ኻ኿፦/፬ (right)

Subtracting the effect of the nacelle from the engine installation shows the installation effect purely
generated by the jet (Eq. 5.17). The standard relations stated in 5.4.1 seems to hold better for the
jet installation effect, than the total engine installation. The plots in Figure 5.9 confirm that at high
advance ratios, installation of the jet is small. The measurements are mostly equal to TFN condition,
except for some slight changes in pitching moment at higher incidence angles. At low advance ratios
the figures clearly show the same behaviour as the full engine integration at low advance ratios.

𝐼ፄ = 𝑊𝐸𝑁 −𝑊𝑁 (5.17)

5.4.4. Jet Interference Effects
Interference effects of the engine jet 𝐼𝑓ፄ are shown in Figure 5.10.

𝐼𝑓ፄ = (𝑊𝐸𝑁 −𝑊𝑁) − (𝐸𝑁 − 𝑁) (5.18)

First of all, Figure 5.10a confirms that the increase in lift observed around 10∘ at high thrust is
generated through interference with the engine jet. From Figure 5.10c we can see a couple of things.
Clearly the engine interference drag penalty is mostly angle of attack dependent. From an incidence
angle of approximately 7∘, all the way up to high angles of attack, there is an increase in perceived
drag for the installed jet. A small, but significant decrease is visible in the range between +5∘ angle of
attack and −5∘, at high thrust setting.
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(a) Surface plot showing Jet interference ጂፂᑃ for combinations of ፉ
and ᎎ (ፕᐴ ዆ ኼኺ፦/፬)
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(b) Surface plot showing Jet interference ጂፂᑃ for combinations of ፉ
and ᎎ (ፕᐴ ዆ ኻ኿፦/፬)
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(c) Surface plot showing Jet interference ጂፂᐻ for combinations of ፉ
and ᎎ (ፕᐴ ዆ ኼኺ፦/፬)
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(d) Surface plot showing Jet interference ጂፂᐻ for combinations of ፉ
and ᎎ (ፕᐴ ዆ ኻ኿፦/፬)
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(e) Surface plot showing Jet interference ጂፂᑄ for combinations of ፉ
and ᎎ (ፕᐴ ዆ ኼኺ፦/፬, ፱ᐺᐾ ዆ ኻ.ኽዀ፦)
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(f) Surface plot showing Jet interference ጂፂᑄ for combinations of ፉ
and ᎎ (ፕᐴ ዆ ኻ኿፦/፬, ፱ᐺᐾ ዆ ኻ.ኽዀ፦)

Figure 5.10: Jet interference effect on lift, drag and pitching moment at ፕᐴ ዆ ኼኺ፦/፬ (left) and ፕᐴ ዆ ኻ኿፦/፬ (right)

(a) ᎎ ዆ ኿∘, Power: Idle (b) ᎎ ዆ ኿∘, Power: On

Figure 5.11: Comparison of surface flow visalized by tufts between engine idle (left) and full thrust (right)

When looking at the moment plots of the jet interference effect at 20𝑚/𝑠, it can be seen that for higher
advance ratios, combined with low to moderate angles of attack, the jet interference is quite low. This
is mostly favourable for cruise conditions. Only at higher thrust settings and incidence angles the thrust
dependent effects become noticeable. The nose up tendencies observed centered around 𝛼 = 0∘ and
𝛼 = 20∘ for high thrust settings are of smaller magnitude than the nose down tendencies at 𝛼 > 25∘
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and centered around 𝛼 = 12.5∘ for high thrust setpoints. Also here the difference between velocities
is very noticable, with thrust effects showing a much larger magnitude at 𝑉ጼ15𝑚/𝑠.

The photos in Figure 5.11 show some difference between near-idle and maximum power conditions on
the suction side surface at 𝛼 = 5∘. The displacement of the tufts show that the increased suction of the
engine ”pulls” the surface flow towards the engine inlet. At the relatively low flight velocity of 20𝑚/𝑠
the region of influence extends quite far outboard, as highlighted by the red circle. Pressure differences
further inboard are harder to distinguish from the tufts, since the general direction of the idle condition
surface flow is already pointed towards the engine intake. Nevertheless, it can be concluded that the
engine suction has some effect on the upper surface pressure distribution near the engine intake.

5.5. Intake Results
This Section deals with the intake total pressure measurements taken on a plane near the inlet of the
nacelle. As explained in Section 2.2.4, inlet conditions of the nacelle are an important design driver for
proper engine performance. In case of the Flying V, the flow over the wing affects the inflow of the
engine. A wide variety of definitions have been used in literature to describe the conditions on the inlet
plane of an engine. [32] Results are presented according to the following definitions for the distortion
coefficient 5.19, and the average distortion over a sixty degree sector of the inlet plane DC(60) 5.20.
It has to be noted that the distortion coefficient is relative to the average total pressure in the free
stream, while DC(60) provides a value relative to the average total pressure on the measured plane.

𝐷𝐶 =
(𝑝ኺᐴ − 𝑝ኺ)

𝑞̄ (5.19)

𝐷𝐶(60) =
(𝑝̄ኺ − 𝑝̄ኺ(ᎸᎲ))

𝑞̄ (5.20)

The dynamic pressure at the engine inlet face is estimated using the assumption of incompressible
flow, and the momentum difference required to generate the measured thrust of the engine. (Section
2.2.2)

5.5.1. Total Pressure Recovery
This section shows the basic inlet measurement results in terms of total pressure. All figures show a
front view of the inlet plane of the left wing engine. The wing is situated at the bottom of the figure.
In other words, the view is rotated 90 degrees from the wind tunnel reference frame. The small black
circles represent the measurement points on the inlet plane. The colour data shown on the figures is
interpolated linearly between the measurement point, resulting in the conditions shown below. Walter
and Starkey [56] show that linear interpolation is a very adequate method to reconstruct inlet condi-
tions from measurement samples, provided that the density of points is high enough.

The careful reader will note that the maximum total pressure loss is limited to 0.5% of the free stream
total pressure, while results from NASA shown in Section 2.3 include losses a full order of magnitude
higher. While this may not seem like much, the dynamic pressure at which this test is conducted is
approximately 245𝑃𝑎, while the NASA tests were conducted at free stream dynamic pressures between
480𝑃𝑎 and 3000𝑃𝑎. In a test case with free stream 𝑉ጼ = 20𝑚/𝑠, a 0.5% total pressure loss equates
to 200% of the free stream dynamic pressure.

In the figures below, only pressure recovery and distortion plots are provided in wing-on conditions.
To show that the incoming flow is undisturbed, irrespective of incidence angle and engine installation,
total pressure measurements in wing-off conditions are included in Appendix D. Only some stall on the
lower lip of the through-flow nacelle at 25∘ angle of attack. Stall is prevented when installing the engine
due to the improved pressure gradient on the lip. Additionally, these figures show that the pressures
recorded in TFN and idle conditions match. Only idle and power-on conditions are thus compared here
to keep the section concise. Power-on conditions are the maximum power that could be reached using
the current setup.
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The full pressure recovery at the intake in wing-off conditions signifies that the pressure loss on the
inlet plane in wing-on conditions is purely caused by the wing. In the following Figures (5.12a), the
front view of the left wing nacelle is plotted, with the wing root left of the nacelle and the wing tip on
the right. The engine position relative to the wing results in a right bottom quadrant situated closest to
the wing. The left bottom quadrant has a slight gap from the wing trailing edge to the nacelle, visible
in the top view of Figure 3.2.
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(a) ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኿∘, Power:Idle
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(b) ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኿∘, Power:On

Figure 5.12: Intake total pressure recovery (ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኿∘)
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(a) ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኻ኿∘, Power:Idle
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(b) ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኻ኿∘, Power:On

Figure 5.13: Intake total pressure recovery (ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኻ኿∘)

Consequently, the highest pressure losses at 𝛼 = 5∘ are incurred in the right bottom quadrant. At
𝑉ጼ = 20𝑚/𝑠 and 𝛼 = 5∘ the maximum pressure loss in idle conditions is approximately 0.15% of the
total pressure. In power-on conditions the pressure loss increases to more than 0.2% of the total
pressure ( 80% of the free stream dynamic pressure). At 15∘ the main region of pressure loss moves
up according to increase in angle of attack (Figures 5.13a and 5.13b). The % pressure loss in idle and
power-on conditions is equal to the loss incurred at 5∘.
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Figure 5.15: The effect of yaw ᎏ on the path of a particle in a separated boundary layer 2

In the 𝛼 = 25∘ condition, a much larger part of the intake suffers from a significant pressure loss.
At idle thrust the bottom half of the intake receives lower energy flow, with maximum losses in the
bottom right quadrant and minimum losses in the top right. Again, the losses are amplified by in
increase of thrust. At this incidence angle, the flow around the wing has partially separated. The
change of gradient on the engine intake could be a result of the outboard moving separated boundary
layer of the swept wing (Figure 5.15), and the inboard motion of the outer flow. The photographs in
Figure 5.17 show how the engine inflow is clearly curved progressively more inwards due to the swept
wing at higher angles of attack. This might induce some sidewash on the outboard part of the nacelle
lip at higher incidence angles. Note that while tufts are included in the pictures above, all pressure
measurements on the inlet plane are done without the presence of tufts on the wing surface.
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(b) ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኼ኿∘, Power:On

Figure 5.14: Intake total pressure recovery (ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኼ኿∘)

Finally, comparing the results obtained at 𝑉ጼ = 30𝑚/𝑠 to those at 20𝑚/𝑠 shows that total pressure
losses increase with higher free stream velocity. While the area of highest pressure loss is still the
same part of the bottom right quadrant, the maximum loss in power-on conditions is now 0.5% of free
stream total pressure (93% of the free stream dynamic pressure at 𝑉ጼ = 30𝑚/𝑠). Judging from these
results, the pressure losses incurred on the engine inlet may very well have have significant effect on
the thrust delivered by the engine. In any case, the engine receives significantly less massflow than
in on-design conditions. Unfortunately, no intake measurements were done at a freestream velocity of
15m/s. Thus, no direct conclusions can be made about the relation between inlet conditions and the
difference in engine interference drag penalties incurred at 𝑉ጼ = 15𝑚/𝑠 and 𝑉ጼ = 20𝑚/𝑠.

2Source: Jones and Cohen [55]
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Figure 5.16: Intake total pressure recovery (ፕᐴ ዆ ኽኺ፦/፬, ᎎ ዆ ኿∘)
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(e) ᎎ ዆ ኼ኿∘ (f) ᎎ ዆ ኼ኿∘

Figure 5.17: Smoke visualization of the main trajectory followed by air ingested into the engine at ፕᐴ ዆ ኼኺ፦/፬, ᎎ ∈ (኿∘ , ኻ኿∘ , ኼ኿∘)
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5.5.2. Intake distortion

Next to the inlet total pressure loss, measurement results are shown as a distortion definition in this
section. The definitions for Distortion Coefficient DC and DC60 as given in Equations 5.19 and 5.20,
are used. The following figures thus show the loss of pressure on the intake face relative to the local
average dynamic pressure 𝑞̄ in the intake. Flow velocity on the inlet plane is computed using the
engine 𝐶ፓ model (Eq. 5.7) and incompressible flow equations. As explained in Section 2.2.2, Trancossi
[18] shows that the assumption of incompressible flow can readily be used to obtain an estimation of
the average velocity in the nacelle inlet. Viscous losses in the engine are inherently included in the
thrust measurements in the wind tunnel.

In the following figures (5.18 and 5.19) the sector of the engine intake with the highest distortion
DC(60) is highlighted with a black line. The colour scale is used to project DC values. The sector
with highest distortion was computed by looping over all 60 degree sectors and selecting the sector
with the highest value for DC(60). Note that DC relates the pressure difference to free stream total
pressure, while DC(60) uses the average total pressure on the measurement plane as a reference value.

While the previous section shows that total pressure recovery is lower at higher velocities and power
setpoints, the trend in flow distortion is somewhat different. Indeed, the distortion DC increases with
velocity (Figure 5.18). However, increasing thrust actually lowers distortion due to the increase in local
dynamic pressure. Figure 5.19 shows idle and power-on conditions side by side. Note that the color
scale for DC is altered to show the distorted area in both idle and power-on conditions. Apparently the
increase in dynamic pressure due to thrust is greater than the relative loss in pressure at these higher
intake flow speeds.

Finally, values for DC(60) are summarized in the table below. Seddon states that DC(60) values greater
than 0.1 are generally deemed unacceptably high, and are likely to have an adverse effect on fan
operation.[32] Clearly, the DC(60) values obtained at idle thrust and an 𝛼 of 5∘ and 15∘ are thus quite
high. Due to the overall lower total pressure and the definition of DC(60), the flow blanketing the
engine at low power setpoints produces a lower value for DC(60). However, more important is DC(60)
in on design conditions. Barely acceptable performance is measured in the conditions closer to cruise.
However, the intake is expected to experience DC(60)>0.1 for actual cruise conditions, at lower than
full power thrust setpoint and higher velocities.

𝑉ጼ [𝑚/𝑠] 𝛼 [∘] Thrust DC(60) [−]
20 5 Idle 0.202
20 5 Power-On 0.039
30 5 Idle 0.242
30 5 Power-On 0.086
20 15 Idle 0.233
20 15 Power-On 0.044
20 25 Idle 0.134
20 25 Power-On 0.025

Table 5.1: DC(60) values for combinations of ፕᐴ, ᎎ and Thrust
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0.00

0.05

0.10

0.15

0.20

0.25

0.30

(P
-P

0)
/ q

 [-
]

0°

45°

90°

135°

180°

225°

270°

315°

10

20

30

40

50

(d) ፕᐴ ዆ ኽኺ፦/፬, ᎎ ዆ ኿∘, Power:On

Figure 5.18: Comparison of distortion measurements (ፕᐴ ∈ (ኼኺ፦/፬, ኽኺ፦/፬), ᎎ ዆ ኿∘)
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Figure 5.19: Comparison of distortion measurements at idle and full thrust (ፕᐴ ዆ ኼኺ፦/፬, ᎎ ∈ (ኻ኿∘ , ኼ኿∘))
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5.6. Implications on Flight Performance
The interaction effect between engine and wing will have an effect on the flight characteristics of the
model. This section provides an investigation into these effects. A conservative estimation of the free
air flight performance can be made using the wind tunnel data. (Better overall L/D performance is
expected at lower effective angle off attack for the flight model, as is explained in Section 2.4 on wind
tunnel corrections.) To explain the effect of the engine on flight performance, two cases are further
explored in this section; Trimmed steady flight and takeoff rotation.

Trimmed Flight
First of all, the influence of the engine on the trimmable flight regime is investigated in three flight
scenarios; steady horizontal flight, maximum climbing flight and engine idle gliding flight. For each
case, the combination of required engine power and control surface deflection are the main figures of
interest. To investigate these flight conditions, a trim routine was implemented in MATLAB’s fmincon.
It combines gridded data of the measured engine-on aircraft performance (WEN) with a first order
estimation of previously measured elevator control power.

To this end, the effect of control surfaces as measured by Palermo and Ruiz Garcia is linearized. From
their results, the control effectiveness is constant in angle of attack and the change for velocity is small.
[10][12] Their effect is assumed completely uncoupled from any engine effects. The outboard span-
wise position of the control surfaces relative to the engine is assumed to be enough to justify the validity
of this assumption. For the CG at 1.36m, the combined control power of the two most inboard control
surfaces 𝐶ፌᒉ = 𝐶ፌᒉᎳ + 𝐶ፌᒉᎴ ≈ −0.264𝑟𝑎𝑑ዅኻ, in which it is assumed that both control surfaces have an
equivalent deflection. The effect of control surface deflection on lift produced is taken into account as
𝐶ፋᒉ = 𝐶ፋᒉᎳ + 𝐶ፋᒉᎴ ≈ 0.241𝑟𝑎𝑑ዅኻ. The small effect of control surface deflection on drag is neglected in
this analysis. A limit to the control surface deflection available for trim is given as 𝛿 ∈ [−10, 10]∘. The
remaining control surface deflection of control surface two will be available for maneuvering, while the
outboard control surface is reserved for roll control.

As additional bounds, the maximum speed of the fan is limited to 26800 RPM and idle engine condition
is defined as an advance ratio of 1.045. This ensures that any chosen value is represented in the
measured data. For any velocity lower than 20m/s, the measurement results (WEN) at 15m/s and
20m/s are linearly interpolated for a given combination of 𝐽 and 𝛼. For any velocity higher than
20m/s, the values obtained at 20m/s are used. While the interference between engine and wing will
change with increasing Reynolds numbers, this should provide a good first estimate. The model can
be summarized in the following relations for the total lift, drag and pitching moment:

𝐶ፋ = 𝐶ፋᑎᐼᑅ + 𝛿𝐶ፋᒉ = 𝑓(𝐽, 𝛼, 𝛿) (5.21)

𝐶ፃ = 𝐶ፃᑎᐼᑅ = 𝑓(𝐽, 𝛼) (5.22)
𝐶ፌ = 𝐶ፌᑎᐼᑅ + 𝛿𝐶ፌᒉ = 𝑓(𝐽, 𝛼, 𝛿) (5.23)

To find the power and trim required for the estimated flight envelope, first the minimum flight velocity
is estimated. The pitch break at 20 degrees angle of attack is limiting the flight envelope, resulting in
a minimum flight velocity 𝑉፦።፧ for the clean wing at 𝛼 = 20∘:

𝑉፦።፧ = √
𝑊

0.5𝜌𝐶ፋᎴᎲ∘
= 16.5𝑚/𝑠 (5.24)

Adding some margin, the trim routine will be used to find solutions in the velocity domain 𝑉 ∈
[17, 40]𝑚/𝑠. The resulting minimization problem, has the variables [Fan Speed, angle of attack 𝛼,
control surface deflection 𝛿 and climb gradient 𝛾] as a design vector. For level flight 𝛾 is set to zero
and for gliding flight the Fan Speed is set to match an advance ratio of 1.045. The objective functions
for the optimization problems for the three flight scenarios are the following:
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𝐽፡፨፫።፳፨፧፭ፚ፥ =min𝑇 =min 𝐽 (5.25)
𝐽፜፥።፦፛ =min−𝑅𝐶 (5.26)
𝐽፠፥።፝፞ =min−𝛾 (5.27)

(5.28)

Subject to the equations for steady (climbing) flight [57]:

∑𝐹ፙ = 𝐿 −𝑊 cos 𝛾 = 0 (5.29)

∑𝐹ፗ = 𝑇 − 𝐷 −𝑊 sin 𝛾 = 0 (5.30)

∑𝑀 = 𝐶ፌᑎᐼᑅ + 𝛿𝐶ፌᒉ = 0 (5.31)

Results of the trim routine are summarized in Figure 5.20. First let us take a look at the overall per-
formance of the model with the tested engine system. Figure 5.20a shows the power requirement
for cruise flight and the power available at maximum engine RPM. In this figure, the maximum thrust
available is estimated using Equation 5.10. The minimum propulsive power required for cruise is 544W,
achieved at a flight velocity of 27 m/s and a corresponding angle of attack 𝛼 = 7.8∘. Plenty of power
remains over the full velocity range, which allows the model to achieve positive rate of climb at any
of the investigated velocities (Figure 5.20b). Maximum climb performance in terms of rate of climb is
realized in the range between 25𝑚/𝑠 and 30𝑚/𝑠, with a rate of climb of 4.5𝑚/𝑠. Figure 5.20c shows
that the angle of attack for a given angle of attack varies slightly depending on thrust setting. As
expected, at higher angle of attack (lower velocity) the contribution of thrust to lift becomes larger.
This results in a lower angle of attack for the full thrust climbing flight than the gliding flight, with level
flight at an angle of attack in between those values.

Finally, the most interesting observations can be made regarding the control surface deflection required
to reach trimmed conditions. The trim characteristics in Figure 5.20 shows the three lines for level flight,
maximum climb and best glide. Due to the additional positive pitching moment by the engine, more
negative (upward) control surface deflection is required to reach equilibrium. The most positive values
are required in gliding flight. While the full range of conditions considered proves to be trimmable, quite
a large extent of the positive control surface deflection range is required. Therefore, it should be noted
that windmilling or even blocked engines are not taken into consideration yet. The amount of nose up
pitch generated by a windmilling engine was not measured, though looking at the presented results
they are very likely to require more nose down elevator than the 10∘ limit imposed in this investigation.
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(d) Control surface deflection ᎑ required for trim

Figure 5.20: Trimmed flight conditions for flight velocity ፕ ∈ [ኻ዁, ኾኺ]

Finally, it provides some insight to show how the interference between wing and engine influences the
trim curve of the aircraft. Figure 5.21 shows the level flight trim curves for the aircraft with engine
installed (the same condition as Figure 5.20) and the combination of isolated component test results.
A very similar trim curve to the one obtained from isolated components is found when modelling the
engine as a thrust vector acting at a height 0.091m above the center of gravity. Figure 5.21b shows that
due to interference effects, the required control surface deflection for trim is reduced at flight velocities
between 22m/s and 35m/s. On the other hand, at low velocities, some more elevator deflection is
required. Finally, one can see from Figure 5.21a that the power required is increased significantly for
most velocities, with only a minor decrease in power requirement above 31 m/s. These conclusions
can quickly be verified when comparing them to the engine interference measurements of Figure 5.8a,
5.8c and 5.8e.
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Figure 5.21: Trimmed flight conditions for flight velocity ፕ ∈ [ኻ዁, ኾኺ], showing the difference between isolated component
measurements and the installed configuration
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Minimum Rotation Velocity
Another limiting case is the minimum velocity required for rotation, with the axis of rotation being the
axle of the main landing gear. In this scenario the objective is to find the minimum required velocity at
which full negative elevator (up) deflection results in a zero net moment around the axis of rotation. Full
deflection is again defined to be limited at 𝛿 = 10∘. All the forces and moments acting on the aircraft
have to be translated from the center of gravity to this axis of rotation. The longitudinal distance
between the CG and main landing gear 𝑥፦፥፠ is approximately 0.15m. The vertical distance between
the CG and main landing gear 𝑧፦፥፠ is approximately 0.3m. Thus, the objective is to find minimum
velocity at which:

∑𝐶ፌᑒᑩᑝᑖ = 𝐶ፌ + (𝐶ፋ −
𝑊
𝑞𝑆)

𝑥፦፥፠
̄𝑐̄ + (𝐶ፃ − 𝐶ፓ)

𝑧፦፥፠
̄𝑐̄ = 0 (5.32)

Solving for this velocity using the dimensions of the current design, an installation angle of 0∘ and pre-
viously imposed bounds of 𝛿 ∈ (−10∘, 10∘) results in an unacceptably high minimum rotation velocity
of 28𝑚/𝑠! The lack of lift provided by the wing at this installation angle, combined with the high net
thrust on a relatively long main landing gear and a lack of pitch up authority will make for a very long
takeoff roll.

While at this stage of the takeoff roll 𝐷 < 𝑇 and 𝐿 < 𝑊, reducing the longitudinal distance from the
center of gravity to the main landing gear, reducing the vertical distance from the center of gravity
to the main landing gear and increasing the ”installation angle” of the wing all result in a reduction
of the velocity required for rotation. For example, 𝑥፦፥፠ = 0.05𝑚, 𝑧፦፥፠ = 0.2𝑚 and an installation
angle 𝛼።፧ = 7∘ result in a much more reasonable 19.7𝑚/𝑠 required for rotation. Alternatively, if a level
aircraft fuselage is preferred or scrape angle constraints are not met, the longitudinal stability margin
of the main landing gear can be further reduced to 𝑥፦፥፠ = 0.03𝑚 and maximum deflection of control
surface two can be included to allow for rotation. This would lower the required speed to approximately
19.0𝑚/𝑠, while keeping the landing hear height 𝑧፦፥፠ = 0.3𝑚 and installation angle 𝛼።፧ = 0∘, at the
cost of a smaller landing gear stability margin.

Figure 5.22: Distances between the approximated center of gravity and the main landing gear axle (dimensions in mm)



6
Conclusion

Engine integration effects were tested on a 4.6% scale half model of the Flying V in a low speed wind
tunnel test. The main objective of the campaign was to quantify engine integration effects and assess
their impact on the low speed performance of the Flying V sub-scale flight testing model.

Isolated measurements of the engine were used to model its performance. In the tested velocity do-
main, the thrust generated by the engine is proven to be only a function of the advance ratio 𝐽 and
free stream conditions. The sensitivity of the models acquired for thrust coefficients 𝐶ፓ and 𝑇ፂ with
respect to free stream velocity were validated using measurements at velocities of 15m/s and 20m/s.

Bookkeeping the balance measurements of isolated components and the integrated setup allowed
quantification and identification of the interference effects between the wing, nacelle and the engine
jet. Statistical analysis has shown that the method used is accurate enough to produce significant
results for the magnitude of the measured interference effects. Interference effects were broken down
into contributions by the nacelle and contributions by the engine jet (thrust effects).

The following observations can be made about the complete engine interference. Additional lift is
generated through jet inference, with maximum value of 400 counts of lift obtained at 10∘ angle of
attack and full thrust. At 20𝑚/𝑠 engine operation has a detrimental effect on wing-body drag above
𝛼 = 5∘, resulting in a maximum drag penalty of 60 counts (16.5% of the isolated wing drag!) at 10∘
and full thrust. Do note that distinguishing between loss of engine thrust and increase in airframe drag
is not possible with the used setup. At incidence angles lower than 5∘ engine operation is somewhat
beneficial, with a maximum contribution to thrust due to interference of approximately 20 counts. At
𝑉ጼ = 15𝑚/𝑠 a quite different trend is observed. While some interference drag remains at 10∘, higher
incidence angles show much more benefit due to interference. Drag is actually reduced by up to 100
counts (5% of wing drag) at 20∘ angle of attack, mostly due to jet interference. Finally, pitching mo-
ment is altered due to interference. An increased nose down pitching moment is observed between 5∘
and 12.5∘ angle of attack, followed by an increase in nose up pitching moment from 12.5∘ to 22.5∘.

Total pressure measurements were taken on the engine inlet plane to assess intake flow distortion.
The intake receives some flow with significantly reduced energy due to the wing. The highest pressure
loss observed is between 80% and 90% of the free stream dynamic pressure, at full thrust conditions.
Angular distortion (DC(60)) values observed at idle thrust and an 𝛼 of 5∘ and 15∘ are approximately
0.2, much higher than an acceptable 0.1. Barely acceptable intake conditions are measured in the test
conditions closer to cruise. However, the intake is expected to experience DC(60)>0.1 for actual cruise
conditions, at lower than full power thrust setpoint and higher velocities.

69
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Using linear interpolation of the measured data, the impact of integration effects on trimmed flight
conditions were investigated. Maximum steady climb, level flight and optimum glide were computed
with a center of gravity at 𝑥ፂፆ = 1.36𝑚 from the nose. The aircraft is shown to be trimmable with con-
trol surface deflections 𝛿 ∈ (−10∘, 10∘) on the two inboard control surfaces in these flight conditions.
Interference effects are shown to have a direct effect on required control surface deflection and power
consumption in cruise. Power requirement increases by up to 8% between flight velocities 22m/s and
31m/s, and reduces at velocities higher than 33𝑚/𝑠, by up to 11% at 40𝑚/𝑠. Finally, minimum speed
required for takeoff rotation is shown to require repositioning of the main landing gear, assuming the
same elevator deflection bounds. Reducing the main landing gear stability margin to 30mm and in-
creasing allowable elevator deflection results in a rotation velocity below 19𝑚/𝑠.

It should finally be noted that better results in terms of L/D are expected for the flight model than
measured in the wind tunnel. Wind tunnel corrections show a large L/D performance increase, as well
as a decrease in effective angle of attack relative to the wind tunnel geometric angle of attack. For
example, lift to drag ratio for level flight at 35𝑚/𝑠 is estimated to be 8.2% higher than measured,
while optimum climb at 26𝑚/𝑠 is expected to result in a 16.5% increase in L/D. However, validity of
corrections at higher incidence angles become increasingly doubtful.

Recommendations
The presented work has produced as many new questions as the insights it has gained into the per-
formance of the SSFT model configuration. The following improvements to the used setup are recom-
mended to further the understanding of presented results.

First of all, addition of an encoder to the motor axle and a feedback loop to the speed controller, would
allow testing at exact RPM numbers. This would reduce the uncertainty present in motor setpoint. The
increased precision may allow the investigation of boundary layer ingestion on the thrust and power
consumption of the engine at different engine locations.

Including a separate engine balance would further aid these investigation. It allows more elaborate
bookkeeping to further trace the sources of interference contributions. The additional information
allows changes in thrust to be recorded, so that interference effects on the airframe and the engine
can be decoupled in thrust on conditions. The additional information would also allow the effect of the
distortion on engine performance to be quantified. While the exact effect of the measured distortion
on the engine is unknown, adding an engine balance allows the tolerance of the engine to distortion
to be tested

Possible topics of further interest that come to mind are:

• Visualization of the interference effects.

• Further investigation of engine inflow to understand source of distortion. This could include inflow
measurements with a swirl rake to further understand the nature of the flow distortion.

• CFD simulations could be used to understand both the nature of the observed interference and
inlet distortion. A sidenote to this is that the boundary layer behaviour and development of vortex
structures depend heavily on the computational method and choice of discretization.

• Experimentally, investigation of side-slip conditions would definately provide added value.

• Engine windmilling conditions are not included in the presented results. Control surface deflection
required for operation in OEI conditions is therefore still an unknown. Also, the amount of pitch up
moment due to drag, generated by two windmilling or even blocked engines is to be investigated.

• Investigation of pylon design and effect on integration.

• While these tests are conducted to further the chances of a succesfull flight test, data could be
used the other way around as well. Flight testing results could be used to check correlation with
wind tunnel data.

• Investigation of half model configuration vs full span model testing in the wind tunnel.
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Bookkeeping Definitions

This appendix provides the definitions used throughout the rest of this work. Results of different
measurement runs are combined to investigate the interaction between components. This appendix
describes the bookkeeping done to arrive at the installation and interference effects of the propulsion
system.

Bookkeeping Engine Strut
First of all, the forces and moments acting on the strut are subtracted from measurements taken on
the isolated nacelle and engine. This is done for both idle and powered conditions to arrive at the
forces and moments acting on the isolated nacelle and engine respectively (Equations A.1,A.2,A.3 and
A.4).

𝑁 = 𝑁𝑆 − 𝑆 (A.1)

= − (A.2)

𝐸𝑁 = 𝐸𝑁𝑆 − 𝑆 (A.3)

= − (A.4)

Next, something similar can be done for the strut in wing-on conditions. The measured results
and deltas between wing-on and wing off conditions are treated in Appendix B for completeness. In
the following definitions, it is assumed that the downstream effects of the wing on the strut are much
larger than the upstream effect of the strut on the wing. This allows the forces of the engine strut,
under influence of the wake of the wing, to be taken as:

𝑆፰ = 𝑊𝑆 −𝑊 (A.5)

𝑆፰ = − (A.6)
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72 A. Bookkeeping Definitions

Then, these newly defined forces acting on the engine strut are subtracted from the wing-on mea-
surements of TFN and engine in the following way (Equations A.7, A.8, A.9 and A.10) resulting in the
forces and moments acting on the Wing/TFN and Wing/Engine combinations.

𝑊𝑁 = 𝑊𝑁𝑆 − 𝑆፰ = 𝑊𝑁𝑆 − (𝑊𝑆 −𝑊) (A.7)

= −
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⎜
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⎝

−
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⎟
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⎟

⎠

(A.8)

𝑊𝐸𝑁 = 𝑊𝐸𝑁𝑆 − 𝑆፰ = 𝑊𝐸𝑁𝑆 − (𝑊𝑆 −𝑊) (A.9)

= −
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⎜
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⎝

−
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⎟
⎟
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⎠

(A.10)

Installation and Integration Definitions
Combining the previously determined definitions, it is possible to obtain the installation and interference
effects of the wing, nacelle and jet. The installation effect at TFN conditions is defined as the addition
drag due to the installation of the engine at flow-through nacelle (idle) conditions.

Installation Effects
The installation effect of a nacelle or propulsion system is defined as the measurements of wing and
engine, minus the measurements of the isolated wing. It can be subdivided into the installation effect of
the nacelle (A.11, A.12) and the addition of thrust (A.13, A.14). Together they form the total installation
effect of the engine (A.15, A.16).

Installation Nacelle

𝐼ፍ = 𝑊𝑁 −𝑊 (A.11)

𝐼ፍ = − (A.12)

Installation Jet

𝐼ፄ = 𝑊𝐸𝑁 −𝑊𝑁 (A.13)

𝐼ፄ = − (A.14)
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Installation Engine

𝐼ፏ = 𝑊𝐸𝑁 −𝑊 = 𝐼ፍ + 𝐼ፄ (A.15)

𝐼ፏ = − (A.16)

Interference effects
The interference effects of a nacelle or propulsion system are defined as the difference between the
installed system and the measurements of the isolated components. It can be subdivided into the
interference effect of the nacelle (A.17, A.18) and the interference effect of the jet (A.19, A.20).
Addition results in the interference effect of the engine (A.21,A.22).

Nacelle Interference

𝐼𝑓ፍ = 𝑊𝑁 − (𝑊 +𝑁) (A.17)

𝐼𝑓ፍ = −
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(A.18)

Jet Interference Effect

𝐼𝑓ፄ = (𝑊𝐸𝑁 −𝑊𝑁) − (𝐸𝑁 − 𝑁) (A.19)

𝐼𝑓ፄ =
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(A.20)

Engine Interference

𝐼𝑓ፏ = 𝑊𝐸𝑁 − (𝑊 + 𝐸𝑁) (A.21)

𝐼𝑓ፏ = −
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(A.22)





B
Measurement Precision

Addition of this section is mainly meant to show the precision of all recorded values, as well as the
non-dimensional forces and moments generated by individual measurements that do not deserve a
designated place in the main body of this work. To this end, plots are shown of all the domains of
recorded values, with a confidence interval of three times the sample standard deviation (3𝑠) at each
measurement point.

The largest standard deviations recorded in all measurement sets are summarized in the tables
below. For unpowered testing conditions:

Maximum Standard Deviation
(𝛼 = [-5,30])

𝐶ፋ 𝐶ፃ 𝐶ፌ
W 0.00336 0.00161 0.00120
S 0.00054 0.00017 0.00021
WS 0.00481 0.00115 0.00155
NS 0.00066 0.00031 0.00049
WNS 0.00417 0.00157 0.00174

For powered testing domains the maximum recorded standard deviations are:

Maximum Standard Deviation
(𝛼 = [-5,30], 𝐽 = [0.37,1.13])

𝐶ፋ 𝐶ፃ 𝐶ፌ
ENS 0.00622 0.00379 0.00423
WENS 0.00914 0.00712 0.00833

Whilst the addition of thrust does increase the sample standard deviation somewhat, it is encour-
aging to see that the maximum observed standard deviation is of the same order of magnitude as the
unpowered measurements. The rest of the figures in this Appendix are for the readers reference. It
can be noted that in most cases, the average standard deviation of the set are significantly lower than
the largest recorded value. The contour plots on Figures B.6a up to B.7c, show that at most measure-
ment points, the sample standard deviation is around 10-20 counts for all values. This observation
allows the setup to be used for engine interference measurements without the addition of an encoder
for more accurate thrust setpoints.
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(a) W short term repeatability confidence interval (ፂᑃ)
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(b) W short term repeatability confidence interval (ፂᐻ)
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(c) W short term repeatability confidence interval (ፂᑄ)

Engine Strut (S)
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(a) S short term repeatability confidence interval (ፂᑃ)
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(c) S short term repeatability confidence interval (ፂᑄ)

Wing + Strut (WS)
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(a) WS short term repeatability confidence interval (ፂᑃ)
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(b) WS short term repeatability confidence interval (ፂᐻ)
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(c) WS short term repeatability confidence interval (ፂᑄ)
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(d) Interference effects between the wing and strut (WS-(W+S))
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Measurements of WS and comparison with W+S reveal that the wing has a non negligible effect
on the engine strut used in the experiment, which has to be accounted for in further results. The
interference effects are displayed in Figure B.3d. The choice was made to account the deltas between
WS and W+S fully to the strut in all other Wing-on results.

The main reasoning behind this, is that the circulation of the wing has a large influence of the angle
of attack experienced by the strut, reducing the angle and therefore the lift it generates. The delta
between WS and W+S reveals that dCD is relatively constant between Wing on and Wing off. Though,
the lift of the strut is almost negligible due to the wake of the wing up to moderate angles of attack.
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(a) NS short term repeatability confidence interval (ፂᑃ)
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(b) NS short term repeatability confidence interval (ፂᐻ)
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(c) NS short term repeatability confidence interval (ፂᑄ)
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Wing + Nacelle + Strut (WNS)
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(a) WNS short term repeatability confidence interval (ፂᑃ)
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(b) WNS short term repeatability confidence interval (ፂᐻ)
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(c) WNS short term repeatability confidence interval (ፂᑄ)

Engine + Nacelle + Strut (ENS)
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(a) ENS short term repeatability confidence interval (ፂᑃ)
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(b) ENS short term repeatability confidence interval (ፂᐻ)
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(c) ENS short term repeatability confidence interval (ፂᑄ)

Wing + Engine + Nacelle + Strut (WENS)
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(a) WENS short term repeatability confidence interval (ፂᑃ)
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(b) WENS short term repeatability confidence interval (ፂᐻ)
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(c) WENS short term repeatability confidence interval (ፂᑄ)



C
Engine Data

Some averaged engine data recorded by the ESC is presented in the table below. The recorded value for
the fan speed was verified to be accurate using a stroboscope. Comparing multiple runs also confirmed
that fan speed is quite constant for an input PWM duty cyle %, even for varying free stream velocities.
However, values for current and power varied quite significantly depending on the temperature of the
motor and its controller. Thus, the setup can be effectively used for balance measurements, but no
observations can be made regarding the efficiency of energy conversion for a test condition.

V = 15
PWM % ESC % Speed [x100 rpm] Current [A] Power [W] Thrust [N] T_C Advance Ratio J [-]
20 18.63 88.02 3.27 163.6 1.86 0.0147 0.8490
25 24.51 112.22 6.57 328.6 4.14 0.0328 0.6688
30 29.41 134.34 9.23 461.5 6.76 0.0536 0.5554
35 35.29 155.75 14.10 704.9 10.17 0.0805 0.4799
40 40.20 172.58 18.62 930.8 13.44 0.1064 0.433
45 45.10 189.34 23.90 1194.9 17.02 0.1348 0.3908
50 50.98 207.01 30.60 1529.9 20.79 0.1645 0.3628
55 55.88 222.54 37.76 1888.2 24.76 0.1958 0.3363
60 61.77 238.95 46.92 2346.2 28.96 0.2288 0.3143
65 67.65 253.22 55.65 2782.3 33.85 0.2674 0.2941
70 72.55 268.72 67.17 3358.3 38.79 0.3062 0.2771

V= 20
PWM % ESC % Speed [x100 rpm] Current [A] Power [W] Thrust [N] T_C Advance Ratio J [-]
20 18.63 88.69 3.64 181.8 0.78 0.0037 1.1147
25 24.51 112.88 6.24 312.1 2.65 0.0122 0.8781
30 29.41 134.61 8.90 444.9 5.14 0.0238 0.7289
35 35.29 156.52 13.75 687.5 8.25 0.0381 0.6297
40 40.20 173.82 18.46 922.9 11.18 0.0517 0.5681
45 45.10 190.25 23.58 1179.1 14.39 0.0665 0.5129
50 50.98 207.10 30.10 1505.1 18.06 0.0834 0.4763
55 55.88 222.78 37.90 1895.0 21.8271 0.1007 0.4416
60 61.77 236.12 46.04 2301.9 25.83 0.1191 0.4126
65 67.65 253.86 56.08 2804.1 30.41 0.1403 0.3860
70 72.55 268.80 66.79 3339.4 35.02 0.1615 0.3636
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D
Intake Data

This Appendix is added to provide the basic measurement results in terms of total pressure (𝑃ኺ/𝑃ኺᐴ)
for the inlet rake measurements. From the wing-off measurements it can be seen that free-stream
total pressure is nicely recovered. Only some inlet lip separation can be observed on the lower inlet lip
from Figure D.1c. Even the improved pressure gradient in close-to-idle conditions is enough to ensure
attached flow with the engine installed.

Wing-Off
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(b) ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኻ኿∘, TFN

Figure D.1: Inlet pressure measurements of the nacelle in wing-off conditions
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(g) ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኿∘, Power:On
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(h) ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኻ኿∘, Power:On

Figure D.1: Inlet pressure measurements of the nacelle in wing-off conditions, Continued
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(i) ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኼ኿∘, Power:On

Figure D.1: Inlet pressure measurements of the nacelle in wing-off conditions, Continued

Wing-On 20m/s

Total pressure loss in the wing-on configuration is treated in the main body of this work. While also
available there, the following measurement results are added to this Appendix for completeness.
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(b) ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኻ኿∘, TFN

Figure D.2: Inlet pressure measurements of the nacelle in wing-on conditions
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(e) ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኻ኿∘, Power: Idle
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(h) ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኻ኿∘, Power: On

Figure D.2: Inlet pressure measurements of the nacelle in wing-on conditions, Continued
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(i) ፕᐴ ዆ ኼኺ፦/፬, ᎎ ዆ ኼ኿∘, Power: On

Figure D.2: Inlet pressure measurements of the nacelle in wing-on conditions, Continued

Wing-On 30m/s

0.995

0.996

0.997

0.998

0.999

1.000

P 0
/P

0

0°

45°

90°

135°

180°

225°

270°

315°

10

20

30

40

50

(a) ፕᐴ ዆ ኽኺ፦/፬, ᎎ ዆ ኿∘, Power: Idle

0.995

0.996

0.997

0.998

0.999

1.000

P 0
/P

0

0°

45°

90°

135°

180°

225°

270°

315°

10

20

30

40

50

(b) ፕᐴ ዆ ኽኺ፦/፬, ᎎ ዆ ኿∘, Power: On

Figure D.3: Inlet pressure measurements of the nacelle in wing-on conditions (ፕᐴ ዆ ኽኺ፦/፬), Continued





E
Test Matrix

Balance Measurements

Alpha
[deg] Tested Hardware Combinations

Velocity
[m/s]

-5 W, WS, WNS, S, NS 15/20
-2.5 W, WS, WNS, S, NS 15/20
0 W, WS, WNS, S, NS 15/20
2.5 W, WS, WNS, S, NS 15/20
5 W, WS, WNS, S, NS 15/20
7.5 W, WS, WNS, S, NS 15/20
10 W, WS, WNS, S, NS 15/20
12.5 W, WS, WNS, S, NS 15/20
15 W, WS, WNS, S, NS 15/20
17.5 W, WS, WNS, S, NS 15/20
20 W, WS, WNS, S, NS 15/20
22.5 W, WS, WNS, S, NS 15/20
25 W, WS, WNS, S, NS 15/20
27.5 W, WS, WNS, S, NS 15/20
30 W, WS, WNS, S, NS 15/20

Alpha
[deg]

Tested Hardware Combinations
[% PWM Duty Cycle Setpoints]

Velocity
[m/s]

-5 WENS/ENS [20 ,25, 30, 35, 40, 45, 50, 55, 60, 65, 70] 15/20
0 WENS/ENS [20 ,25, 30, 35, 40, 45, 50, 55, 60, 65, 70] 15/20
5 WENS/ENS [20 ,25, 30, 35, 40, 45, 50, 55, 60, 65, 70] 15/20
10 WENS/ENS [20 ,25, 30, 35, 40, 45, 50, 55, 60, 65, 70] 15/20
15 WENS/ENS [20 ,25, 30, 35, 40, 45, 50, 55, 60, 65, 70] 15/20
20 WENS/ENS [20 ,25, 30, 35, 40, 45, 50, 55, 60, 65, 70] 15/20
25 WENS/ENS [20 ,25, 30, 35, 40, 45, 50, 55, 60, 65, 70] 15/20
30 WENS/ENS [20 ,25, 30, 35, 40, 45, 50, 55, 60, 65, 70] 15/20
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Intake Pressure Measurements

Alpha
[deg]

Tested Hardware Combinations

[% PWM Duty Cycle Setpoint]

Velocity
[m/s]

5 WENS [20,70] 30
5 WENS/ENS/NS/WNS [20,70] 20
15 WENS/ENS/NS/WNS [20,70] 20
25 WENS/ENS/NS/WNS [20,70] 20
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