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ABSTRACT

Boundary Layer Ingestion is an integrated propulsion concept in which a propulsor operates in boundary
layer flow instead of the free stream flow with the goal to reduce the fuel flow for a given operating condition.
The objective of this thesis is to obtain a better understanding of the power benefit of an installed pusher
propeller at the aft fuselage by designing the aerodynamic shape of the propeller and validate the design by
means of Computational Fluid Dynamics (CFD) simulations.

A propeller analysis tool for uniform inflow (UI) and non-uniform inflow (NUI) named N-XROTOR is de-
veloped using the lifting line code XROTOR [1] in combination with XFOIL [2] to calculate airfoil properties.
The tool is validated using experimental results and results from CFD simulations of uniform inflow pro-
pellers. N-XROTOR shows good agreement of the trend of the C7 — J and Cp — J curves but a constant over
prediction of both thrust and power with respect to experimental data is observed and several deviations are
explained.

A series of CFD simulations in ANSYS Fluent™ using a reduced wedge shaped domain of one blade of the
N250 propeller are performed for several advance ratios including a grid refinement study. Minor deviations
between a transient and a steady simulation are found and the steady method is chosen based on compu-
tational cost. The trends of N-XROTOR in terms of Cr — J and Cp — J compare well with the CFD simulation
with a constant over prediction of the performance quantities by N-XROTOR. These over predictions are also
noticeable in the radial distributions of thrust and torque with slight over predictions in the high loaded re-
gion on the blade. For a moderate advance ratio of J = 0.79 the thrust and power are over predicted by 5.25%
and 3.67% respectively. A comparison with the standard x —w SST turbulence model and the SST model with
low Reynolds number correction is made. The radial flow on the propeller blade is shown to be quite signif-
icant and varies along the blade and shows good agreement with the distribution of bound circulation and
the resulting trailing vorticity.

A design procedure is developed in which the propeller shape is optimised using shape functions to de-
scribe the pitch and chord distribution and a NACA four series airfoil is used to limit the number of design
variables for a gradient based optimisation algorithm in Matlab environment. The interaction effects are as-
sumed to be determined a-priori and a tapered aft fuselage and the pressure field induced by the fuselage
are neglected. Input quantities for the design routine include a inflow field from CFD analysis, the design
advance ratio and a thrust requirement. The design objective of all optimisations is minimum power.

For the reference design case an axisymmetric body from ESDU is subject to CFD simulations to obtain
the inflow profile and fuselage drag for the isolated and installed configuration. Interference effects are ap-
proximated using an Actuator Disk (AD) model at the predefined location of the propeller with a pressure
jump equal to the defect in total pressure in the boundary layer based on findings from previous research [3].
An 11% increase of drag is found for the equilibrium condition which is primarily due to increased pressure
drag. Larger pressure jumps show only a marginal increase in drag.

In a comparison study, the number of blades is set to four, an advance ratio of / = 1.50 is chosen and in
combination with a radius equal to 99% of the total gage pressure of the undisturbed air yields a tip Mach
number of around 0.50. The optimisation results show that the NUI propeller requires 6.93% less power
compared with the UI propeller despite the 11% higher thrust. The thrust distribution of the NUI propeller
shows a significant increase in thrust in the low axial velocity region towards the root and the maximum thrust
is shifted inboard. The ratio of thrust to torque % along the propeller blade shows a constant distribution
for the UI propeller, while the NUI propeller has a smooth increasing distribution towards the root. This
distribution shows that thrust requires a relatively low power when the local axial velocity is relatively low. It
is found that this is the main benefit of positioning a propeller in the boundary layer. The bound circulation
distribution shows a shift towards the root compared with the distribution of the uniform inflow propeller
which is the result of the optimised propeller shape which benefits from the favourable thrust to power ratio
in the inner radii. The NUI propeller has a significant increased chord compared with the optimal UI and
also a higher lift coefficient distribution. The local efficiency defined as n;ycq; = % with V, as the local
inflow velocity. Optimal UI propellers have a constant efficiency distribution, but the NUI propeller shows
a decreasing trend towards the root which is also found in literature. The trend of lower 1;,.4; is also found
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when an optimisation for minimum power is performed using a radially varying actuator disk with the same
inflow and thrust requirement as for the full blade propeller. Additional analysis on the NUI propeller include
comparison of off design conditions and additional optimisations are performed to quantify the effect of the
number of blades, radius and advance ratio.

The optimised NUI propeller in the installed configuration is simulated using CFD. N-XROTOR over pre-
dicts the thrust and power by 4.15% and 4.71% respectively compared with the CFD simulation, which are
deviations of the same order as the N250 simulation. The d%_TQ distribution shows good correspondence.
In the root region this ratio is under predicted by N-XROTOR which is expected to be the result of a large
pressure and velocity gradient at the junction of the spinner and propeller surface resulting in a region of
recirculation. Also the blockage effect of the tapered spinner results in larger angles of attack in the root re-
gion. The outer region (% = 0.7...0.95) shows trailing edge stall which is found to be primarily due to the
coarse mesh in that region. Improved results are obtained when N-XROTOR uses airfoil data obtained from
two-dimensional CFD analysis of a particular airfoil section. The ¥ —w SST model with low Reynolds number
correction shows almost exact agreement with XFOIL. The standard turbulence model shows a decambering
effect and an earlier stall behaviour.

The remaining deviations between N-XROTOR with approximated CFD airfoil properties are expected to
originate from the radial flow on the blade and the variation in circulation in chordwise directions which are
not simulated in N-XROTOR. Both the externally induced radial flow by the tapered aft fuselage and the self
induced radial flow are expected to result in a decambering of the airfoil due to the influence on boundary
layer growth as well as a reduced chord wise velocity resulting in a locally lower dynamic pressure experienced
by the airfoil contour.

The interference effects of the propeller onto the fuselage are compared with the Actuator Disk (AD) ap-
proximation. An over prediction of 0.74% of the drag by the AD model of the fuselage excluding spinner is
observed. Downstream of the full blade simulation the pressure is rapidly decreased to a low finite value at
the aft end of the spinner. This is the result of the finite bound circulation at the propeller root which releases
a strong trailing vortex from each blade. These vortices combine into a strong axial vortex which induces a
strong tangential velocity and therefore in a low pressure acting on the spinner. A slipstream analysis is per-
formed of circumferentially averaged flow quantities in radial direction at a plane behind the propeller and
the axial development of several averaged flow quantities is shown.

Several recommendations for future work are formulated to improve the propeller design, improve the
design procedure, reduce the interference effects and increase the power benefit of the non-uniform inflow
propeller.
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Greek Symbols

SRR EESUEN

Niocal

Ya

Yt
Npropeller

Boundary layer thickness based on total pressure
Vorticity = — %

Bound circulation

Propeller rotational speed

Rate of dissipation

Outflow angle including induced velocities
Outflow angle excluding induced velocities
Dynamic viscosity

Density

Local propeller efficiency at radial position r
Vorticity in axial direction

Vorticity in tangential direction

Propeller efficiency

Other Symbols

™ & S o

ADpressure
ADgkin
Apf(/m

A T% yAP ap

dx

Eq

Ca
C
Cp

Inequality constraints
Equality constraints
Design vector

Geometrical pitch angle

Interference drag due to an increased pressure drag

NOMENCLATURE

Interference drag due to an increased skin friction drag

Pressure jump at the Actuator Disk

Change in thrust and power due to an axial pressure gradient induced by the fuselage

Axial kinetic energy deposition rate E, = [J %pu2 (Voo + u)dS™?
Pressure work deposition rate E, = [[ (p — poo) udS™"

Transverse kinetic energy deposition rate E, = [ 3 pu?(v? + w?) (Voo + u)dS™?

Local advance ratio
Disk area

Number of blades

A constant

Chord

Section drag coefficient
Section lift coefficient

Power coefficient = —F—
pn>D



X NOMENCLATURE
Cq Torque coefficient = pnTQD5

Cr Thrust coefficient = pnTTD4

Ca, fuselage Drag coefficient fuselage

D Propeller diameter

Dfyselage Fuselage drag

Dipnstalled Total drag of the fuselage with a propeller installed
Disorated Drag of isolate fuselage

Dyortex Drag induced by a (hub) vortex

dp Pressure difference induced by the fuselage at the propeller location
aQ Torque of blade section

art Thrust of blade section

J Advance ratio = %

Lfuselage Fuselage length

M Mach number

n Rotational speed

Nerit Critical amplification ratio of e method

p Pressure

Priomentum  Power required according to axial momentum theory
Pshaft Propeller shaft power

pro Total pressure of free stream flow

Pt Total pressure

Q Propeller torque

R Propeller radius

r Radial position

Ruup Propeller hub radius

Re Reynolds number

Rep, Reynolds number based on fuselage length
Sfuselage Fuselage surface area

T Thrust

Tmomentum Thrust according to axial momentum theory

Tref Design thrust

Tshaft installea Required installed shaft power of the propeller

Ty Total temperature

Tu Turbulence intensity

u, v, w Fluctuations w.r.t. mean flow

u,v, w Perturbed velocity components relative to the freestream flow
Voo Freestream velocity

Va Local axial inflow velocity

Vers Effective velocity of an airfoil section

Via Axial induced velocity

Vi Tangential induced velocity

v’ Axial velocity of a vortex sheet



INTRODUCTION

Most aircraft have a clear architecture: the lift production, payload holding and propulsion components are
separated from each other. By minimising the interactions between these components the complexity in
terms of maintenance and design is limited. However, with the assigned efficiency improvements for the
future generation of aircraft by the European Union in the "Flightpath 2050" agenda [4], integrated propulsion
systems with the goal of improving the aircraft’s efficiency have gained increased attention [5, 6]. One of the
integrated propulsion concepts is to position a propulsor, instead of the free stream flow, inside the boundary
layer of the aircraft with the goal of reducing the fuel consumption. A frequently used terminology for such
configuration is 'Boundary Layer Ingestion’ (BLI) or 'wake ingestion’ when the propulsor has the wake of an
upstream body as inflow. Before this integrated propulsion system is applied in further wind tunnel and full
scale tests, it is of importance to design a dedicated propeller for this configuration and analyse the flow
phenomena at the integrated propulsor.

In section 1.1 some history on propellers with an upstream body is presented. Recent research related
to the concept is discussed in section 1.2 and some previous research on propeller design for non-uniform
inflow is discussed in section 1.3. The motivation for research, the research objective and its goals are stated
in section 1.4. The scope and outline of the thesis are discussed in sections 1.5 and 1.6 respectively.

1.1. HISTORY OF PROPELLERS WITH AN UPSTREAM BODY

A propeller is a highly efficient means of propulsion because the change of momentum to produce a certain
thrust is introduced by a small velocity change. This small change in velocity results in a relatively low kinetic
energy that is deposed into the propeller slipstream [7], resulting in high propulsive efficiency, for an isolated
propeller often expressed as 1, = Pf::/:;z' The kinetic energy that is added to the free stream flow is closely
related to the shaft power of the propeller. In addition to the power required to increase the axial momen-
tum, kinetic energy is lost in the swirling motion and the viscous effects in the propeller boundary layer lead
to dissipation of energy. Blade profile losses account for a small fraction of the total power, typically a few
percent [7]. When transverse kinetic energy losses and profile drag losses are neglected, the efficiency is a
function of the relative axial induced velocity only such that the efficiency is reduced when the ratio of axial
induced velocity to the freestream velocity is relatively large. A low axial velocity requires a relatively large
induced axial velocity when a thrust requirement is to be met. For a three dimensional blade, a frequently
used quantity to express the efficiency as function of operating condition for a given propeller geometry is the
advance ratio J = %. Typical efficiency-advance ratio curves show a reducing efficiency at reducing advance
ratio. For constant rotational speed this means a reducing efficiency with reducing axial velocity [8]. This
behaviour of the efficiency curve rises a relevant question of why one would place a propeller in a lower axial
flow if the efficiency of the (isolated) propulsor is decreased.

The effect of an upstream body on the performance of a propeller has been investigated in several exper-
iments and theoretical studies by a number of authors. Already in 1917 in Fage and Collins [9] it was noted
that the maximum system efficiency is increased when the airflow experienced by the propeller has a lower
velocity than the free stream velocity. In a contribution from Glauert in the collected works of Durand [10]
from 1935 the interference between a propeller and an upstream body was briefly discussed. It was recog-
nised that the propulsive efficiency may be increased with a propeller operating in a lower velocity than the
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Figure 1.1: (a) The effect of a reduced velocity experienced by the propeller with respect to the freestream flow on the propulsive
performance. (b) The effect of a reduced velocity experienced by the propulsor on the efficiency. Source: Durand [10]

body it propels, as shown in figure 1.1 (a). The figure shows that when the propulsor is positioned in a lo-
cal flow field with a 10% reduced velocity compared with the free stream velocity, the thrust and the torque
coefficients (Ct = pnTTD4 and Cg = MTQN respectively) are increased compared with the reference case and
because the thrust is increased more than the torque, the efficiency is increased and shifted to higher advance
ratios. When a thrust requirement is to be met, the required power is reduced by this lower inflow velocity. It
was recognised that when the definition of n, = P{L";{ is used, the efficiency can become greater than unity,
as depicted in figure 1.1 (b). It was recommended that a complete solution including interference effects is
necessary to conclude on possible benefits or disadvantages in terms of power for this configuration. It was
found that when the efficiency was corrected for the additional drag of the body, in some experiments the
maximum efficiency was decreased, although these propellers were not specifically designed for this oper-
ating condition. Betz [11] noted that: "A favourable arrangement of propeller and vehicle leads to a better
efficiency than that of the same propeller in an undisturbed stream". In addition it was noted that the power
expended of a propeller operating in a boundary layer or wake of a body can be less than the product of
forward speed and drag of the aircraft.

A propulsor operating in the boundary layer of a body has been applied regularly in marine applications
such as torpedos and ships. In aerial applications mostly cruise missiles have such configuration. Unpub-
lished studies on cruise missiles have indicated a power reduction of around 7% due to the position of the
propulsor being in the boundary layer of the missile [12]. In those cases the total drag of the missile is over-
come by the thrust of the propulsor. Aircraft propulsors are required to overcome the drag of the total aircraft.
Some examples of airplanes with a pusher propeller installed on the aft fuselage as a sole means of propulsion
or as a fraction of the total propulsion system are available. The XB-42 aircraft (shown in figure 1.2 (a)) has
shown to have superior performance compared with aircraft of its class as noted in Lv and Rao [3]. Although
not taken into production, the Lear Fan (figure 1.2 (b)) also has a pusher propeller. Primary benefits were
mentioned as noise shielding and a thrust vector through the center of gravity improving safety and handling
qualities [13]. Recently, a number of research studies have been conducted on BLI for civilian transport air-
craft. Boeing has performed research on BLI for a Blended Wing Body (BWB) aircraft with propulsors installed
on the upper surface of the aircraft [14]. The Cambridge-MIT Institute developed the D8 aircraft concept to-
gether with NASA [15] in which the propusor is mounted on the upper surface of the aft fuselage. Bauhaus
Luftfahrt currently investigates the 'propulsive fuselage concept’ [6], shown in figure 1.2 (c). VoltAir, an Air-
bus Group owned subsidary, is developing an electric aircraft utilising BLI using contra-rotating propellers
located on the aft-fuselage (shown in figure 1.2 (d)).
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Figure 1.2: Examples of propellers operating in a wake: (a) Douglas XB-42 aircraft from [16], (b) Lear Fan aircraft from [17], (c)
Propulsive fuselage concept from [18] and (d) Voltair from [19]

1.2. PREVIOUS RESEARCH ON BOUNDARY LAYER INGESTION

The concept of Boundary Layer Ingestion (BLI) has been investigated by various authors and some of the
theory developed is considered in this section.

A mathematical tool which is used by several authors is a Control Volume (CV), e.g. by [3, 20-22]. By using
a CV instead of a force based method to determine the required power, also integrated propulsion systems
such as BLI may be analysed more accurately [20]. A method using a CV is the Power Balance Method by
Drela [20]. The method relates the power balance within the CV, the power that flows into and out of the
CV. The upper and lower boundary are streamlines which ensure no mass flow through these boundaries. In
Drela [20] the following relation is proposed when the sides of the control volume are far from the body and
no supersonic flow is considered:

Ps+Py+Px=®+E.+E,+E)p (1.1)

The left hand side consists of the power supplied to the CV. The right hand side of the equation consists
of the dissipation rate ® which takes place inside the control volume and of the mechanical energy outflow
rate. When the upper and lower boundaries are streamlines, the kinetic energy outflow rates have finite val-
ues in a Trefftz plane behind the body and propulsor. To maintain an equilibrium, this kinetic energy outflow
rate and dissipation rate is balanced by the shaft power. Drela [20] uses this equation to evaluate the individ-
ual terms for different propulsion configurations. Figure 1.3 shows how the terms of a typical conventional
aircraft-propulsion configuration evolve downstream. When the Trefftz plane is relatively close to the body
and behind the propulsor, ® has the value of the dissipation rate inside the boundary layer. Both the body
and propulsor induce velocities, primarily in axial direction. Therefore E, + E, is larger than zero and close
to the body and propulsor the pressure has not reached free stream conditions yet and therefore E p also is
non-zero. When the Trefftz plane is moved downstream, a number of effects occur. First the pressure term
is decreasing and is exchanged for increased axial velocity. In addition, the due to the velocity gradients in
the slipstream dissipation takes place, i.e. E, + E, vanish downstream [21]. Arntz et al. [21] uses a similar ap-
proach as Drela [20] in which also a thermal energy outflow term is added to the power balance. It is argued
that when a propulsor is positioned just behind the body which induces a flow field such that E, + E p=0
just behind the propulsor. When equation 1.1 is applied to a simplified isolated propeller model in potential
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terms in the flow. u is denoted as the perturbation velocity relative to Voo. Source: [20]

flow, this equation indicates the shaft power is equal to the change in kinetic energy between the free stream
conditions and the far downstream conditions. When viscosity is added and the intermediate state of the
fluid is to be analysed, equation 1.1 describes these phenomena as well.

Smith [12] used an Actuator Disk approach where the power saving and efficiency were related to wake
properties such as a shape factor, displacement thickness and wake recovery. The non-uniformity of the
wake is thereby taken into account. A Power Saving Coefficient (PSC) was introduced to express the benefit
of wake ingestion. Smith concluded on theoretical bases that the highest efficiency is reached when the
wake is completely recovered, i.e. when the defect in velocity is zero behind the propulsor. However, there
is no mention of how the pressure influences the solution as the increased pressure behind the propeller
will go to ambient conditions and this will increase the axial velocity. Examples by Smith [12] have shown to
reduce the power by 20% for complete wake recovery, based on the velocity relative to freestream flow. It was
recommended that for practical purposes the interaction effects should be included in the design process.

In Seitz and Gologan [6] a parametric study of the power benefit of a propulsive fuselage (shown in figure
1.2 (c)) configuration was performed using drag predictions using empirical methods. The inflow field and
"ideal wake filling’ was assumed. PSCs in the order of 10% were found compared with a propulsor in uniform
flow with equal disk area although interaction effects were not discussed. Recommendations included a more
precise radial distribution of velocity, a better understanding of the loss effects of the propulsor and more
practical considerations concerning installation are required for further analysis.

In Atinault et al. [5] both a numerical and experimental analysis were performed of a body of revolu-
tion. A modified propulsive efficiency was proposed which is also a function of the velocity in the wake V,;:
Nmodified = % with V; the jet velocity far downstream of the propulsor. A preliminary study showed
a power benefit of 9% when a full ingestion of the wake was realised and a force balance was maintained.
Experimental results using an off the shelf fan showed an decreasing PSC with increasing distance between
propulsor and fuslage in axial direction; the propulsor should be close to the body in order to benefit from
the low velocity. The configuration with the smallest spacing showed a power benefit of around 22%. Numer-
ical studies included an Actuator Disk with a pressure jump and a jump in tangential velocity and showed
reasonable agreement with the experimental results.

Kim and Felder [22] investigated the effect of a total pressure loss and low velocity upstream of a turbofan
with an infinite by-pass ratio (electric motor) and no by-pass ratio (pure turbojet). Instead of a power benefit
a thrust benefit was investigated which is approximately linear with a power benefit. A quasi-one dimen-
sional analysis with averaged flow quantities was performed. The conclusion was that an electric fan benefits
from the boundary layer ingestion while a turbojet performs best in free stream flow due to the higher total
pressure entering the turbojet. A reduced total pressure compared with free stream conditions results in a
lower thermal efficiency and for the same thrust a larger fuel mass flow is required [8].
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A range of literature is found related to propulsor design of a propeller operating in the radially non-uniform
boundary layer flow. Already in 1927 it was observed by Helmbold [23] that "The construction of the ideal wake
screw leads to a higher loading where the frictional wake is greatest". This is observation is also made in Lv and
Rao [3], in which a conceptual propulsor design is presented. It is noted that an ideal propulsor fully recovers
the defect in total pressure to minimise the kinetic energy deposition in the flow behind the propeller. The
blade loading should have a loading inversely to the upstream total pressure profile. It is recognised that this
is not possible in reality as the potential of creating a large induced velocity in the root region is difficult due
to the low dynamic pressure experienced by the root airfoil sections. A relatively larger chord is proposed in
the root region with an adapted pitch angle distribution. A two stage propulsor may be used in which the
smaller second propulsor may have a significantly higher rotational speed than the larger main propulsor
due to tip Mach number limitations, allowing for a higher local loading in the region of lowest axial velocity.

The work of Hirner et al. [24] on the dedicated design of a pusher propeller operating in the fuselage
boundary layer has some similarities with this thesis. It was recognised that a dedicated design for the non-
uniform inflow is necessary in order to effectively use the propulsor. Two propellers were designed for two
different aft fuselage shapes. It was recognised that the interference of the propeller and the fuselage results
in an additional fuselage drag and the design should be such that this effect is smaller than the lower required
power to lead to a net benefit relative to a uniform inflow propeller. The paper does not elaborate on the
propeller design and shows only radial distributions of induced velocity. The design procedure was briefly
mentioned to be in accordance with the optimal distribution by Larrabee and French [25] and Goldstein [26],
of which the theory applies for uniform inflow only. There was no mention of adapting this optimisation for
a non-uniform inflow, which has a different optimal distributions as will be shown throughout this thesis.
In addition, as validation the propeller design was only simulated using an Actuator Disk instead of a full
three-dimensional blade.

1.4. RESEARCH OBJECTIVE

The previously mentioned research mainly use off-the-shelve propellers which are designed to operate in
uniform flow or use a theoretical propeller to describe the change in flow quantities. Although the efficiency
of propellers is highly dependent on the installation angle, advance ratio and twist distribution [27-29], little
or no attention is paid on the propeller design. A propeller subject to a radially non-uniform inflow profile
therefore requires to be specifically designed for that operating condition as different chord and pitch distri-
butions are expected compared with uniform inflow propellers.

Previous research suggest that minimal power is required when the boundary layer or wake is fully recov-
ered. However, ideal wake filling may not be reached due to limitations of a finite number of blades, airfoil
properties with limitations in terms of lift and finite losses related to tangential velocities and viscous losses
on airfoil sections. Therefore, next to "high level’ performance analysis on the integrated propulsor concept,
an important step to further development of this configuration is to investigate what the optimal shape is for
a propeller with the non-uniform inflow profile and what the installation effects are. As the potential power
benefit is frequently determined and expressed by the flow quantities in the slipstream it is important to ex-
plain the benefit by the radial distributions on the propeller blade as well. Therefore the following objective
of this thesis is formulated:

OB]J ’'The objective of this thesis is to obtain a better understanding of the power benefit of an installed pusher
propeller operating in the boundary layer of an aft-fuselage by developing a numerical method to design
the aerodynamic shape of the propeller and validate the design by means of CFD simulations’

This objective may be decomposed into several goals which are to be fulfilled throughout the research:

G1 Develop a propeller analysis and design code for non-uniform inflow in radial direction and validate the
results using reference propellers.

G2 Identify the differences in required power and radial distributions of a propeller designed for non-uniform
inflow compared with a propeller optimised for uniform inflow.

G3 Validate the design by means of CFD simulations.

G4 Analyse the mutual interference effects between the propeller and the fuselage.
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1.5. SCOPE OF THESIS

Only pure propellers are considered throughout this thesis. As indicated in Kim and Felder [22], the perfor-
mance of gas turbines is degraded when the inflow total pressure is reduced due to the viscous effects of the
boundary layer. It is therefore assumed that the power supplied to the propeller is not a function of the inflow
conditions, e.g. an electric motor may be used as power supply.

The previous sections indicate that theoretically minimal power is achieved when the boundary layer is
recovered. Aerodynamic limitations may lead to a propeller which is not capable of reaching that objective.
The three dimensional shape is sought for which provides minimum power, hence the design objective in this
thesis is minimal power and no objective is imposed to 'fill the boundary layer’. An analysis of the slipstream
is provided after the design has been finished.

Installation effects are an important factor when integrated propeller are taken into account and are anal-
ysed to a moderate extent. However, no optimisation of the aft fuselage and spinner is performed and these
geometries are kept constant throughout the research. An important aspect which is not taken into account
is a variation of the flow quantities in circumferential direction. These variations originate from any upstream
surfaces such as control surfaces and wings. Angle of incidence changes during the flight also affect the flow
in circumferential direction at the plane of the propeller. These effects need to be well understood before full
scale tests are to be performed. However, circumferential variations on the propeller flow are expected not to
be detrimental to the concept as they can be minimised using smart positioning of the control surfaces and
flow can be guided using a duct (e.g. [5]). Installation effects of upstream surfaces of the LearFan have shown
relatively low levels of vibrations [13] which indicates that the configuration is not unrealistic.

Although noise production and structural considerations influence the loading distribution and thereby
the propeller performance [30-33], no noise and structural considerations are taken into account in this the-
sis. These limitations on propeller design may be imposed in subsequent optimisations and later design
stages.

1.6. OUTLINE OF THESIS

This thesis consists of eight chapters including this introduction. Chapter 2 first considers the effect of a
reduced uniform inflow velocity on the required power with an actuator disk analysis. A qualitative discussion
follows on installation effects of the propeller on the system force balance. Furthermore the non-uniformity
of the inflow profile on the propeller vortex sheets and on the efficiency distribution along the blade is briefly
discussed.

A non-uniform inflow propeller analysis is presented in Chapter 3. Also the design tool including optimi-
sation method and optimisation objective is discussed. The analysis tool is validated using experimental data
on two reference propellers and Computational Fluid Dynamics (CFD) simulations performed by the author
in Chapter 4. These simulations will give insight in the validity of the analysis method and what quantita-
tive deviations exist with respect to CFD simulations which are also used to validate the non-uniform inflow
design.

A fuselage is chosen in Chapter 5 which is used as a reference case to compare the optimal radial dis-
tributions of an installed non-uniform inflow propeller with a uniform inflow propeller. An initial analysis
of interference effects is performed as well. Optimisation results on the optimised non-uniform inflow pro-
peller are presented in Chapter 6. To validate these results, a CFD simulation is performed of this optimised
propeller in Chapter 7 which also results in a more detailed analysis on the interference effects.

Conclusions and recommendations formulated throughout the research are presented in Chapter 8. These
conclusions include findings on the optimal distributions, power savings, interference effects and modelling
methods.



PRELIMINARY ANALYSIS OF NON UNIFORM
INFLOW EFFECTS ON PROPELLER
PERFORMANCE

This chapter provides an overview of a primarily qualitative analysis of a non-uniform inflow on a propeller.
The following sections should be considered as an introduction to a number of concepts which will be dis-
cussed in more detail in the following chapters.

2.1. SIMPLIFIED ANALYSIS OF A REDUCED INFLOW

Before a three dimensional propeller including individual blades is considered, it is useful to consider a sim-
plified model of a propeller to understand the flow field through the propeller disk. Figure 2.1 shows what a
propeller does to the flow by considering a only axial flow. The purpose of a propeller is to create a thrust, i.e.
a change in momentum, by having a pressure distribution such that there is a lower pressure on the upstream
side of the propeller and a higher pressure on the downstream side of the propeller. The axial velocity is in-
creased in a smooth manner such the axial induced velocity V; , at the propeller disk is half of the induced
velocity far downstream the propeller [28]. At the propeller disk there is a jump in total pressure which is
the result of the propeller induced velocity and pressure. The two dimensional representation is known as
an Actuator Disk (AD) and often neglects the induced tangential velocity which is a result from the torque of
the propeller. When the radial and tangential induced velocities are assumed to be zero the total pressure is
increased by the pressure jump because at the plane of the AD there is no finite axial velocity change but only
avelocity gradient such that:

Pt,downstream — Prupstream = Aps (2.1)

The value of the total pressure behind a real propeller is changed by not only the radial and tangential
induced velocity but also by the total pressure losses due to the viscous losses in the propeller boundary
layer. The integral of the pressure jump over the disk is equal to the thrust. The thrust can also be expressed
in a change in momentum between the flow far upstream of the propeller relative to the momentum far
downstream of the propeller:

Tmomentum =AM
=m2Via+ Voo — Vo) (2.2)
=2pAd(Veo + Vi,a)Visa
The above equation directly shows that for a given thrust requirement and with density p and disk area A4
given, the axial induced velocities increase with decreasing freestream velocity Vo.. According to the momen-

tum theory, the required power is the increase of kinetic energy relative to the kinetic energy far upstream of

7
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Figure 2.1: Schematic representation of a simplified propeller as an Actuator Disk.

the propeller:

Proment m—lm[(v +2V; )2 - V2]
entum — ,
5 00 i,a o) (2.3)

=20A4 Voo + Vi) Via

A frequently used quantity to express the performance of a propeller is the propulsive efficiency 1, which
is the ratio of useful work done by the propeller per unit time to the total power required to do that work.
The efficiency is obviously a function of the propeller geometry and operating condition, hence it is a con-
venient parameter to compare the performance between two propeller geometries. Absolute agreement on
the definition of this efficiency is not present [12], but for a propeller with a uniform inflow 17, perrer is often
expressed as:

TV (2.4
n ller = 75— .
propeller Pshuft

For a given thrust requirement, propeller diameter, density and V., a certain induced velocity is required
which leads to a required power. The power required is therefore a function of the axial velocity at the pro-
peller disk and this relation is an important factor for the propeller operating in a boundary layer which has
arelatively low axial velocity. To analyse the relation of ,,0peiier) Pmomentum and Voo @ number of boundary

conditions are assumed:

e Thrust requirement 7 is constant (T = 74.20 [N])
* Radius R = 0.2404m and hub radius Ry, = 0.0530 [m]
o p=1.225[kg/m3)

These particular values are related to the results in the subsequent chapters and are used for consistency.
For these input values, the Ppomenrum is plotted against Vi, in figure 2.2 (a) and the corresponding 7, opeiier
is plotted in figure 2.2 (b). The important observation is that the power is proportional to V; a relatively low
power is required to create the same change in momentum when the free stream velocity is relatively low.
This means that the ratio of thrust to power Imomentum g relatively high.

Pmomentum
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Figure 2.2: Effect of Vo, on the power in (a) and efficiency in (b) with a constant thrust, propeller disk area and density according to axial
momentum theory.

However 1ropelier is reducing with reducing Vi indicating that useful work done on the fluid is more
efficiently done at higher velocities, which is also found in Glauert [28]. This indicates that the power-V,
curve contradicts the 7 yropeiter — Voo curve. This simplified analysis indicates that when there is a choice
between positioning a propeller in a low or high axial velocity field with only a thrust requirement to be met,
one should not look at the efficiency but rather the power requirement.

2.2. PROPELLER VORTEX SYSTEM
It is important to analyse the vortex system of a propeller because there are implications of the non-uniform
flow on this vortex system.

First consider a typical propeller blade section with its forces and local flow angles as depicted in figure
2.3. To understand the flow field around this blade section, potential flow theory may be used. The lifting
line theory by Prandtl [34] describes the potential flow about three-dimensional lifting surfaces in which a
lifting surface is represented by a line with a bound circulation distribution I's and Betz (e.g. [10]) extended
this theory to propellers. The variation of this circulation in radial direction causes the bound vortex to shed
free vortex lines y with a value equal to the variation of bound circulation, i.e. y(r) = —%. In potential flow,
the strength of these vortices have a constant strength along the vortex lines. In a 2D case the upwash of
an airfoil is equal to the downwash behind the airfoil induced by the bound vortex. However, the trailing
vortices change the velocity field around the aifoil such that there is a larger downwash than upwash due to
the downward induced velocity. These finite induced velocities (shown in figure 2.3) are generally divided in
an axial and tangential component, V; , and V; ; respectively.

eff '_/'
e V7
eff v, . \VJ

it

dD

Figure 2.3: Definitions of relevant velocities and corresponding angles at a propeller blade section

A typical vortex architecture is depicted in the left schematic of figure 2.4 (a). For moderately loaded
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propellers, the vortex sheets follow the local flow direction and have a pitch equal to ¢(r) just behind the
propeller [35]. When this vortex system is split into the bound vortex and vorticity in the axial and tangential
direction, the effect of each of these components to the induced velocity field can be understood. This divi-
sion is schematically shown in figure 2.4 in which the tangential vorticity is represented by vortex rings. The
direction of the separate vortex components constrain the direction in which velocities are induced. At the
propeller disk the bound circulation cannot induce an axial flow component due to the symmetrical distri-
bution of this circulation to any point on the disk [10] and only contributes to the tangential flow component.
Upstream of the propeller the fluid does not contain vorticity and hence the (average) tangential velocity is
zero. Therefore the tangential velocity (or swirl) is induced by the propeller as a jump. This boundary con-
dition dictates that the vortex system downstream of the propeller cancels the upstream effect of the bound
circulation. Axial vorticity y, can not induce a velocity in the direction of flight; it contributes to the swirl
velocity. It is this component which cancels the upstream effect of the bound circulation. The tangential vor-
ticity y; however only induces an axial velocity. The two vorticity components are graphically determined to
be:

(r)= —dﬂ sin (2.5)
Ye(r) = dy ¢ .

dl'p
Ya(r) = _d_y cos¢ (2.6)

It may be observed that the local outflow angle ¢ (r) dictates the relative values of axial and tangential vor-
ticity distribution along the radius. It may be expected that the sectional thrust and torque are also functions
of this angle because of this vorticity distribution.

The local advance ratio X—g (with n being the rotational speed and D the diameter) of a propeller with
uniform inflow and a boundary layer shape inflow are compared in figure 2.4 (b). In this figure the induced
velocities are assumed to be zero. It is observed that the propeller subject to an boundary layer shape inflow
has a distribution of advance ratios such that the direction of the vortex sheets is more in the plane of rotation.
Compared with the propeller with uniform inflow, it may be expected that the ratio of y(r) to y,(r) is rela-
tively large in the non-uniform inflow case. From the angle ¢’ alone one cannot conclude on this distribution
because also the induced velocities should be taken into account.

2.3. INSTALLATION EFFECTS OF AN INTEGRATED PROPELLER

Compared with the isolated fuselage case, an installed propeller changes the flow field around the fuselage
and this interference effect has been noted by several authors to be non-negligible [10, 36-38]. This section
provides a qualitative discussion of this interference effect because it is an important factor for the propeller
design.

Figure 2.5 (a) shows an isolated propeller with a thrust equal to the drag of an isolated fuselage which
results in a net force balance. In figure 2.5 (b) the force balance of an integrated propeller is shown. The re-
duced upstream pressure of an integrated propeller brings an additional drag to the fuselage with respect to
the isolated fuselage because the increased axial velocity leads to a larger velocity gradient at the fuselage sur-
face which increases the skin friction. The pressure field is changed by the propeller with the lower upstream
pressure increasing the pressure drag on the upstream body. The higher pressure behind the propeller is pro-
viding a thrust force on the downstream fuselage surface. However, a tapered aft fuselage generally results in
a net drag force as the upstream suction region often acts on a larger surface than the downstream pressure
region.

Another effect that changes the flow field and may add to the interference drag is related to a finite circu-
lation at the propeller root which may be present. A finite hub radius leads to a wall effect and allows for a
finite circulation at the hub and is often referred to as the hub effect. This circulation sheds a strong vortex
from the junction of the blade root with the spinner or fuselage resulting in a locally high induced velocity
close to the spinner surface. In Wang [39] and Wald [40] it was noted that this hub vortex results in a strong
additional drag on the spinner downstream of the propeller. This effect is elaborated in section 7.3.

The increased required thrust to maintain equilibrium can be referred to as 'thrust deduction’ [12]. Based
on the division of interference drag and drag from the isolated body (proposed in Rowse [41]) the thrust
requirement by of the installed propeller to maintain equilibrium is higher than the isolated case and is equal
to:
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Figure 2.4: The decomposition of the vorticity shed from a lifting line representation of the propeller (top left) into line vortices (top
center) and ring vortices (top right). The y, only induce velocities in the tangential direction while the y; result in axially
induced velocities. In the lower figure: a comparison of the local flow angles for a propeller with uniform in flow and a
propeller with a boundary layer shape inflow.

Tshaft,insmlled = Disotated + ADskin + ADpressure 2.7)

= Dinstalled

2.4. LOCAL PROPELLER EFFICIENCY

Instead of considering the total propeller efficiency, one can look at the efficiencies of propeller blade sec-
tions. The optimal efficiency distribution for a uniform inflow propeller is well known. From the brief anal-
ysis in section 2.1, the question arises whether the optimal efficiency distribution along a blade of a uniform
and non-uniform inflow propeller is the same, which is briefly discussed in this section. It should be noted
that this analysis is only to indicate the phenomena of a non-uniform inflow on the efficiency distribution.
Any observations made in this section are not proposed as a design objective.

For an isolated propeller-fuselage configuration, the fuselage is flying at Vo, with a certain D;y74¢e4 and
the propeller experiences the same V.. This means that the propeller does work on the flow which has a rel-
ative velocity of V,, with respect to the propeller. However, for an integrated propulsion system this situation
changes as the propeller experiences the velocity of the boundary layer V,(r) instead of V, as sketched in
figure 2.6. For a propeller operating an airflow with a lower velocity than free stream, the actual work done
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Figure 2.5: In (a) the force balance of an isolated fuselage and an isolated propeller. In (b) a force balance of an integrated propeller
inducing an additional drag term consisting of skin friction and pressure drag due to the installation of the propeller.

on the fluid is on the reduced inflow field’ rather than on the flow with V. However, the propeller is still
attached to the body which has a velocity V.

This leads to the introduction of a local efficiency 1,4, defined as in equation 2.8. It is the ratio of the
local useful work to the local required shaft power dQQ . This definition indicates what the effectiveness of
a section at position r/R is to produce useful work on the local flow. As the propeller performance in the
non-uniform flow is considered in this thesis, the local efficiency 17;9cq;(r) = % is used in the remainder of
this thesis. As discussed in section 2.1, the efficiency alone is not a relevant quantity to compare with when
different axial velocities are considered.

V., (1)

dTV, = work done
> on fluid

T dTv,

Tllocal_ dQ—Q
2\ <\)

Figure 2.6: The effect of a non uniform flow on the work done on the fluid and the local efficiency.

dTv,
doQ

Niocal (1) = (2.8)

It is now interesting to express the section efficiency by the flow field quantities at a particular section.
For now, only induced effects are taken into account, i.e. C; = 0. Using figure 2.3, one can decompose the
thrust and torque components to be functions of d L and dQ and then relate to the Kutta—Joukowski theorem.
However, these components can also directly be related to the circulation at that radial location as:
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dT = pdT(Qr —V;,)

(2.9)
dQ=pdl' (V,+V; )r

Therefore the section efficiency is equal to:

_drv,
Npropeller = dQ—Q

- Qr-Vviy

C (Va+ VidQr

_tang¢/

B tan¢

(2.10)

This relation shows that when ¢ = ¢, hence there are no induced velocities, the efficiency 7 propeller = 1.
An analogy can be made with the efficiency in the momentum theory of a purely axial flow; when the axial

tan
leads to the highest total efficiency? A relevant case is to first consider uniform inflow and the theory which
is developed there. Munk [10] argued that the efficiency of a uniform inflow propeller should be constant
reasoning as follows. The bound circulation varies along a blade with finite radius and if the geometry at a
radial location is changed which gives a change in circulation 0T, then the efficiency is slightly changed by
OMNiocal = % due to the small changes in thrust and torque. If now this 1;,.4; varies along the radius then
it is favourable to increase the circulation at locations where §7;,¢4; is large and reduce the circulation in
regions where 61,47 is small. This procedure leads to a constant value c of efficiency along the blade. As the

local efficiency is a directly related to the flow angles, the following relation holds for uniform inflow:

induced velocity is 0 [m/s], the efficiency is 1. The question now is, what is the distribution of m"“g which

tan¢g’

tand =c (2.11)

Betz [42] (elaborated in [10]) investigated what this condition means for the development of the vortex
sheets downstream of the propeller. It was found that the axial velocity of the vortex sheet v’ s constant over

the blade and is visualised in figure 2.7.

Betz condition for minimal induced losses in uniform inflow

root

vortex sheets

Figure 2.7: Betz’ condition of minimal induced losses for a propeller with uniform inflow. The vortex sheets have a constant axial
displacement velocity v’ over the radius.

tip
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Now consider non-uniform inflow. As shown in section 2.1 the maximum efficiency of a uniform inflow
propeller reduces with reducing axial velocity. This may indicate that the local efficiency along the blade also
varies. Analogously with the momentum analysis in section 2.1, a blade with a varying axial velocity along the
radius may be expected to have a low efficiency in the low axial velocity regions but these regions have a high
ratio of ddQ—TQ.

If the quantity % = ¢ in which c is a certain constant but is a to be determined value, one can rewrite
this to:

dTVe,

dQQ
dTVa Voo =c (2.12)
dQQ v,

dTv, V,

a0 ‘v

A similar result is found when the vortex sheets do not move backward with a constant speed relative to
each other but relative to the free stream flow, V, + v’ = ¢ (in which c is a constant and not equal to equation
2.11). In that case, the local efficiency 1;4¢4; can be written as

_tan¢
Nlocal = tan(p
__Va (2.13)
Va+ v
B C
tan¢

Several authors have proposed distributions of - @ for radially non-uniform inflow, including Lerbs [43],
Helmbold [23], Balhan and van Manen [44] and van Manen [45]. Balhan and van Manen [44] found the same
distribution as in equation 2.12. Lerbs found a distribution of tt:;::;f, (or local efficiency) by using the same
principle as Munk did for uniform inflow propellers by using small variations of I'p along the blade. Lerbs
neglected the higher order terms which arise from the induced velocities. These authors included a term to
correct for the velocity at the propeller tip, which is not necessarily equal to V.

To indicate that the optimal efficiency distribution is not constant but rather has a decreasing value to-
wards the root, a numerical method can be used. A very simple and quick analysis of a non-uniform inflow
and its efficiency distribution leading to the lowest power can be done using a non-uniform Actuator Disk.
When the following quantities are set a-priori: R, Rpy,p, V(1) and Tgpqp(, one can vary the axial induced ve-
locity along the blade and calculate the total thrust and power using momentum theory. The distribution of
Vi o is varied using shape functions and a gradient based optimiser is used to find the lowest required power.
A more detailed discussion on the shape functions and the optimisation algorithm is provided in section 3.4.
Figure 2.8 (a) shows distributions of 17;,.4; for a non-uniform inflow field for different thrust settings. In addi-
tion, the distributions by Lerbs [43] and van Manen [45] are indicated. The corresponding radial distribution
of induced velocity is shown in (b). For the flow condition, propeller geometry and thrust setting, refer to
Chapter 6. The distributions of the numerically optimised solution shows a decreasing efficiency and in-
creasing induced velocity towards the root. The trends follow the predicted curve by Lerbs [43] fairly well but
at higher thrust settings the curve of van Manen [45] is approached. The curves show that in the tip region
the induced velocity is (close to) zero as in that region the thrust to power ratio is relatively high. Another
observation is that the shape of the curves change with thrust setting. It should be stressed that this highly
simplified analysis does not include tip losses, hub effects, tangential velocities, the effect of the induced field
of neighbouring sections and limitations with respect to the airfoil properties. These results should only be
considered as illustration. Because there is no definite optimal distribution found for non-uniform inflow,
there is no distribution prescribed in this thesis.
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Figure 2.8: In black: results from an optimisation of an Actuator Disk with radially non-uniform inflow with different thrust settings.
The distribution of axial induced velocity is the design vector. For the inflow condition, disk area and thrust setting, refer to

Chapter 6. In red the distributions of efficiency as proposed by Lerbs [43] (dashed) and van Manen [45] and equation 2.12
(dotted). Due to the simplification of the propeller representation, these results should only be considered as illustration of
the efficiency distribution.






N-XROTOR: PROPELLER DESIGN TOOL
FOR NON-UNIFORM INFLOW

In this chapter the propeller analysis tool using a non-uniform inflow and the optimisation routine is dis-
cussed. First the choice for the propeller analysis method is explained in section 3.1. Section 3.2 explains the
analysis tool followed by section 3.3 which discusses the assumptions related to the inflow. The optimisation
routine and a test case is discussed in sections 3.4 and 3.5 respectively.

3.1. CHOICE OF PROPELLER ANALYSIS METHOD

Various propeller analysis methods exist to calculate the performance of a propeller subject to a non-uniform
inflow with different levels of accuracy. The choice for the particular analysis method is based on a number
of requirements, including:

* The method should be able to use a non-uniform profile in axial direction as inflow and should account
for the accompanying local aerodynamic effects of this reduced flow.

* The propeller should have any (feasible) shape including a finite hub radius, varying chord and pitch
angle distributions and the airfoil properties should be taken into account.

* The computation time should be in the order of seconds to minutes per operating condition in order
to be used inside an optimisation loop.

* The setup of a single analysis point should allow for an implementation such that limited involvement
of the user is required.

* The precision of the performance quantities should be such that an optimisation algorithm can distin-
guish a search direction and an optimum.

e It is preferred that the method is implemented in a tool which has been used by others and is available
to be used for this thesis.

» For comparison purposes the tool should be able to include compressibility effects of a moderate heli-
cal tip Mach number, but there is no priority to model transonic effects.

* The method does not necessarily require to have the capability to analyse swept propellers because it is
shown in Succi [46] and Miller and Sullivan [30] that sweep is especially of interest for noise reduction,
which is not part of this thesis.

The requirement of a limited computation time per operating point and geometry excludes the use of
Computational Fluid Dynamics (CFD) as analysis tool in the design process. Both the setup of a CFD sim-
ulation in terms of mesh generation and the analysis itself requires a significant amount of computational
resources and is not suited to be used in an optimization routine. Therefore the choice of analysis methods is
limited to lower order methods methods.

Lifting surface methods such as the Vortex Lattice Method (VLM) are lower order methods as they are
potential flow methods. The lifting surface is divided into elements with control points and at the surface
or at the mean camber line the potential flow is solved. The contribution of profile drag can be added using
airfoil data to improve the prediction of the torque calculation [47]. The variation of the induced velocity over
the chord which results in a virtual change in effective angle of attack is captured by lifting surface methods

17
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and therefore relatively low aspect ratio propeller can be analysed [40, 48]. As the shape of the propeller is
taken into account, lifting surface methods are able to analyse swept propellers [47].

Other lower order methods include Blade Element (BE) methods which are popular because of their sim-
plicity, accuracy and their low computational cost [49, 50]. BE models are based on dividing each blade into
small segments and the two-dimensional aerodynamic loads are calculated based on effective inflow velocity
and two-dimensional data for C; and C;. A summation over all the segments determines the total thrust and
power of the propeller. The calculation of the induced velocities at the blade can be done in various ways.
One of the methods is using momentum theory, in which the propeller disk is divided in cellular rings and
momentum theory is used to find the induced velocities. This method neglects the loading of the neighbour-
ing sections of a section at location r which affect the induced velocity at that position. A finite number of
blades shed a finite number of vortex sheets (depicted in figure 2.4). Around the edge of the vortex sheet the
flow tends to flow around the edge causing a significant radial flow component. This component is especially
present for a low number of blades. In BEM models, a correction should be made to account for this effect.
Prandtl [42] estimated this effect with a 'tip loss factor’ which can be used to correct for the finite number of
blades. However, using such model prescribes part of the radial loading distribution.

Another method are lifting-line methods in which a high aspect ratio lifting surface is represented by a
vortex filament (the bound circulation I'g) along the quarter chord line. Because there is only one vortex
per radial location, the variation of circulation in chordwise direction is neglected. Contrary to a BE method
based on momentum theory, the lifting line method does take the contribution of neighbouring blade ele-
ments into account in the induced velocity computation. In Schulten [47] several variations of lifting sur-
face methods and lifting line methods are compared with experimental results of the unswept SR-2 propeller
which has a moderate aspect ratio. The lifting surface showed only marginally better results at moderate
advance ratios compared with a lifting line code. Because the ability to analyse swept propellers is not a pri-
ority, the lifting line method is considered to be a valid method to analyse propeller geometries for design and
comparison purposes.

A fast analysis tool which does comply with the above mentioned requirements is the program XROTOR
by Mark Drela [1] which has been used by a number of authors [24, 32, 51-53] for uniform and non-uniform
inflow and is a common tool used within the Faculty of Aerospace Engineering at the Delft University of Tech-
nology. The capabilities and limitations of XROTOR including its implementation in a complete propeller
analysis tool is discussed in the next section.

3.2. N-XROTOR: PROPELLER LIFTING LINE CODE

The software developed for this thesis is named N-XROTOR and is a collection of Matlab functions and exter-
nal programs which can be used inside an optimisation loop as well as an isolated propeller analysis program.
For the latter operation a small amount of code is required to interact with N-XROTOR. Figure 3.1 shows a
schematic of the flow of the program. The program consists of four main modules; a definition module, an
aerodynamic module, the propeller analysis module and a post-processing module. First the definition of
the propeller geometry in terms of ¢/R, §(r), R, Rpup, B and Q (or J) should be specified. In addition, the
flow condition in terms of V, V,(r)/V and properties such as p are required as input. Furthermore some
computational settings and plotting settings should be set. The aerodynamic module is called to generate
airfoil data for each radial position (elaborated in section 3.2.2). The airfoil data is analysed and provided to
the propeller analysis module which calculates the propeller performance quantities and radial distributions.
The results are then processed to provide useful output. The following sections give a more detailed overview
of each module.

3.2.1. XROTOR

The core of N-XROTOR is the propeller analysis software XROTOR developed by Drela [1]. XROTOR is a lifting
line code which iteratively calculates the circulation distribution, induced velocity field at the lifting line and
the thrust and power using airfoil properties.

The velocity at the propeller lifting line is calculated from the bound vortex and discrete line vortices on
the rigid helicoidal wake surface which trails from the lifting line into the far-field downstream. The direc-
tion of this vortex sheet needs to be known in order to calculate the induced field. There are three frequently
used methods to describe the direction of the vortex sheet from the lifting line; a prescribed wake model, a
semi-rigid wake model and a free wake model. In a pre-scribed wake model the sheet is assumed to follow
the known quantity ¢'(r) and will therefore not change during the calculation. A semi-rigid model iteratively
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Figure 3.1: Overview of N-XROTOR sequence. N-XROTOR is a Matlab function which requires a 'main’ function to be operated. The
"Start’ and 'End’ blocks are therefore not part of N-XROTOR but merely serve as an indicator for the flow of the program.

calculates the direction of the trailing vortex sheet which ignores wake contraction and wake roll-up but in-
cludes the induced velocities. A free wake model calculates the complete geometry of the vortex sheet from
the lifting line. This method is not included in the XROTOR program and therefore the semi-rigid wake is
used. The effect of a semi-rigid wake compared with a free wake model has shown not to be significant for
moderately loaded propellers [40]. The assumption of a constant slipstream radius is indicated in Durand
[10]. The contraction of the slipstream is a direct result of the increased axial velocity. As there is no dissipa-
tion modelled, the circulation remains constant in the slipstream. A ring of fluid at radius r has a circulation
of 2 V; ;2. Downstream the radius of this ring is decreased due to contraction and therefore the tangential
induced velocity is increased. However it is expected that this has limited impact on the propeller perfor-
mance.

The XROTOR code is compiled by the author for Windows operating systems and a few minor changes
have been applied to the original XROTOR code. The performance outputs of the default XROTOR code have
aprecision of three significant numbers. The code has been changed by such that the outputs have a precision
of six significant numbers which is more favourable in optimisation routines when a search direction has to
be determined. In addition, some velocities slipstream velocities have been added to the default output file.

Airfoil section properties are required to compute the induced velocities and forces at each blade section.
XROTOR uses a number of airfoil parameters (summarised in table 3.1) to construct the section C; — a and
C; — C; curves including a relatively good prediction of the airfoil stall properties. These curves are used in
XROTOR to quickly calculated airfoil properties during the iterations. The critical Mach number is required
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Table 3.1: Airfoil properties required as input for XROTOR.

Quantity Description

Capo Minimum drag coefficient

Reyef Reference Re at which drag data is computed
Z,—gjzi Derivative of C; to Cl2

Cio Lift coefficient at Cy o

ao Angle of attack at C; =0

f Exponent to express effect of Reynolds number on drag curve [1]
Mcriy Drag rise Mach number

k-] Scaling factor [1]

n Exponent to express drag rise as function of M [1]
Cy, Lift curve slope

Clmax Maximum lift coefficient

ACstal Cl,max_cl,non—linear

which for propeller may be an important factor for high helical tip Mach numbers.

XROTOR uses the Prandtl-Glauert compressibility correction for the C;, and accounts for Reynolds effects
and drag rise at Mach numbers beyond the critical Mach number on the C; by making use of equation 3.1
[1]. The equation corrects for the Reynolds effect using an exponent f in the case that the particular airfoil
experiences a different Re than the reference value at which C; is computed. In principle one could compute
the airfoil data at one Re;.r, but a closer estimate of the airfoil data is at the correct Re(r). In this way also
estimates for C; ;4 and C;, correspond to the local section.

f
+ k(M — Mcrin)" (3.1)

Ca,xroror = [Cap+b(Cro— Cl)z] (

Cref

The consequence of using such a quadratic relation for the Cj; is that it does not capture a different C;—C;
behaviour which might be unique to a certain airfoil geometry. In e.g. Abbott and von Doenhoff [54] it is
shown that the a — C; (and consequently also C; — Cy) is not necessarily a quadratic relation. Especially
cambered airfoils have a relatively flat C; — C; curve for a range of lift coefficients and their benefit is not
correctly captured with a quadratic relation as implemented in XROTOR.

3.2.2. AIRFOIL SECTION DATA

There are different methods to predict two-dimensional airfoil data ranging from CFD to panel methods. As
noted in Chapter 6 the airfoil geometry is included in the design optimisation and each iteration new airfoil
data is computed. Therefore a fast analysis method is required with acceptable accuracy and flexibility. Two-
dimensional data computed with CFD generally requires a significant amount of computational resources,
especially when the shape of the airfoil is changed during the optimisation and a new mesh should be (au-
tomatically) generated. The use of high-fidelity tools can typically be employed in a final design phase of a
propeller and as verification of the method. For comparison purposes and initial performance computations,
lower fidelity tools are preferred.

A combination of the analysis tool Viscous Garabedian and Kern (VGK) [55] and XFOIL [2] is selected for
the analysis of arbitrary airfoil shapes. VGK is a Fortran code which predicts two-dimensional airfoil data us-
ing an iterative approach to solve coupled finite-difference equations for the inviscid flow region and integral
equations for the viscous region. VGK is suited to analyse airfoils at transonic flows and has been thoroughly
validated by several authors (e.g. Cheung [55]) at various Reynolds and Mach numbers. The advantage of VGK
is that it can calculate section properties at relatively high Mach numbers and is therefore used to calculate
the value of M., ;;. However, the default code can not predict the airfoil properties at and close to stall. There-
fore XFOIL is used to construct the main aerodynamic properties as it can predict stall behaviour which is an
important phenomena to take into account. In XFOIL the transition from a laminar to a turbulent boundary
layer is predicted using the eN method by van Ingen [56]. The critical amplification factor N, ;; is based on a
number of flow field parameters and external excitations. The prediction of transition on propeller blades is a
detailed field of study due to the extra rotational accelerations and three-dimensional flow over the propeller
blade [57, 58] and does not receive special attention in this thesis. Only 2D transition is considered. A useful
property of the e method is the relation of the turbulence level [56] with respect to the freestream velocity:
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Tu= (3.2)
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The value of Tu is changing through the boundary layer [59] which is also shown in Chapter 5 with values
requiring a low N.,;;. For the computation of the airfoil data for the propeller in the boundary layer a rela-
tively low N¢,;; = 0.01 is chosen for all radial positions because of two reasons. First XFOIL has shown to be
reasonably stable at this value and significantly higher or lower values can lead to a non converging solution.
Secondly, as indicated in Chapter 4, the results of the CFD simulation are computed with a fully turbulent
boundary layer and therefore it is considered to improve the comparability of the output of N-XROTOR and
the CFD simulations when transition occurs close to the leading edge. In section 4.3 the effect of 2D transition
on propeller performance is shown for an undisturbed uniform inflow propeller.

An arbitrary airfoil geometry is used as input for XFOIL. For a range of angles of attack the C; - a, C; — a
and C12 — Cy4 curves are constructed with a sufficient number of analysis points. In some angle of attack and
airfoil combinations, XFOIL does not converge for a certain angle of attack while both smaller and larger «
do lead to a converged solution. The implementation is done such that these non-converged solutions do
not lead to a termination of the program and are excluded from the airfoil data set. The non-linear part of the
lift curve for a propeller section is underpredicted in a 2D analysis due to three dimensional effects. Three-
dimensional effects includes centrifugal forces on the boundary layer which is pronounced for separated
flow [57]. A Coriolis force is acting on the flow with V; # 0 stabilising the boundary layer and hence a higher
maximal lift coefficient is obtained at a higher angle of attack. This Coriolis force is the driving force for
separated flow (where the chordwise pressure gradient is essentially zero). Therefore the non-linear part
of the lift curve is corrected using an empirical model. An overview of methods which correct the C; ,p is
provided in Lindenburg [60] and Snel et al. [57] and are generally based on empirical models. In N-XROTOR
a model by Snel et al. [57] is chosen and given in equation 3.3 in which A and B are scaling components:

c\B
A7)

The local Reynolds and Mach number at each radial location on the blade vary because of variable chord
length and magnitude of effective velocity. Because C; and to a lesser extend also C; depend on Re, the
airfoil data is generated for each radial location at the corresponding flow condition. Because the compress-
ibility effect on the lift coefficient and Reynolds effect are uncoupled [54], the airfoil data is computed for
an incompressible flow at the Reynolds number present at the particular radial position. The local Re(r) de-
pends on Qr, V,(r) and the induced velocity field. However, the local Reynolds number is estimated using a

Verr =\ VZ+(Qr)2.

3.3. SIMPLIFICATION OF THE INFLOW PROFILE

It is required to make a number of simplifications with respect to the inflow of the propeller which is sim-
ulated in N-XROTOR because of the assumptions used by the lifting line method. This section provides an
overview of these simplifications.

The most important assumption for the analysis of the integrated propulsor is that the flow field induced
by the propeller and the flow field induced by the fuselage are decoupled. This assumption is linked to the
potential flow theory in which two solutions of the velocity potential and therefore velocity may be added to
obtain the complete solution, as is indicated in e.g. Anderson [61]. The induced velocities and pressures by
the fuselage develop downstream and the induced flow field of the propeller is added. The induced upstream
effect of the propeller as discussed in section 2.3 is approximated in section 5.4 and therefore is taken into
account. The assumption of isolating the flow field of the propeller, the assumptions related to the lifting line
method and assumptions set by the author lead to the following constraints on the flow field description:

Ci2D,rot = Ci2p +tanh (Criin—Ci2p) 3.3)

* The contraction of the aft fuselage induces a radial flow component at the plane of the propeller (sketched
in figure 3.2). The radial component with respect to the local axial flow is pronounced towards the pro-
peller hub. This radial flow components is neglected by the limitations of the lifting line method and
only the axial flow component of the boundary layer is used in the calculation.

* At the wall the (axial) velocity is 0 [m/s] due to the no slip condition. A velocity of 0 [m/s] does not
lead to a converged solution by N-XROTOR. Therefore a finite velocity is taken at the propeller root
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by simulating a part of the fuselage as a slip wall, which essentially releases’ the boundary layer as
sketched in figure 3.2. This is discussed in Chapter 5.

* The pressure at the location of the propeller is not equal to freestream conditions due to the presence
of the fuselage. This effect is not taken into account.

* The effect of the axial and radial pressure gradient induced by the fuselage is not taken into account.
The effects of these pressure gradients are discussed in section 4.3.

* The turbulence intensity is considered to be constant along the radius and is considered relatively high
such that there is a primarily turbulent boundary layer on the airfoil and enhances the stability of the
XFOIL program.

Because there is a body upstream of the propeller it effectively limits the propeller to induce an axial
flow. This blockage effect is not taken into account.

assumed setup

real setup

non-slip wall

Figure 3.2: Comparison of the CFD setup with a boundary layer parallel to the tapered aft fuselage and the assumed setup with only the
axial component of the boundary layer and no tapered spinner/hub.

3.4. DESCRIPTION OF OPTIMISATION PROBLEM
This section describes the structure of the optimisation setup. The actual optimisation for the non-uniform
inflow and uniform inflow is performed in Chapter 6.

3.4.1. OPTIMISATION SETUP

A design procedure which is used by a large number of authors is to first determine the optimal circulation
distribution for minimum induced losses and then determine the blade geometry in terms of the blade pitch
and chord distributions and the airfoil properties. It is shown by Klesa [62] that the optimal circulation distri-
bution for the sum of induced losses and profile drag is not equal to the distribution for minimum induced
losses only. Therefore an approach is chosen in which both the airfoil and propeller planform is optimised at
the same time.

Because of the number of variables, their complex interaction and a number of non-linear constraints
an algebraic solution procedure is not straight forward. Therefore the optimisation of the propeller shape is
done using a numerical optimisation method. This leads to the choice of two main groups of optimisation
procedures; gradient based optimisation and other methods such as genetic algorithms. A genetic algorithm
has the advantage that there is a greater probability that a global minimum is found instead of a local mini-
mum. However, it takes a relatively large number of iterations to reach a minimum. Gradient based methods
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may have difficulties in finding a global minimum but generally converges faster than the genetic algorithm.
Therefore a gradient based method is selected and different initial design vectors are used to increase the
chance of finding a global optimum.

The general description of the optimisation is to minimise the objective function J(x). The choice of the
objective function is a minimal required power P for all optimisations discussed in this thesis. The minimi-
sation problem is subject to non-linear equality and inequality constraints 2(¥) and g(x) respectively:

J(X) = minimise P(X) subject to
h(x)=0 (3.4)
gx) =<0

The design vector is discussed in the next section and the constraints are discussed in section 3.4.3. Mat-
lab provides a number of optimisation toolboxes including 'fmincon’ for constrained optimisation. This func-
tion is used for its flexibility.

A schematic of the optimisation process is shown in figure 3.3. A parallel optimisation setup is used to
allow for relatively fast optimisations. Because N-XROTOR uses the same executables of XFOIL and XROTOR,
a unique identifier is provided to each data file such that these files are linked to the correct design vector.
Note that there is no feed back of the upstream and downstream effects of the propeller on the fuselage drag
into the optimisation routine, i.e. the design condition is not changed during the optimisation.

3.4.2. DESIGN VARIABLES

The geometry is characterised by the distribution of B(r), the distribution of  (r), airfoil contours, the radius
R and the hub radius Ry,;,. The latter is a given value for a given propeller location and is therefore not
considered as a design variable. The value of R can be chosen to be equal to the boundary layer thickness
or a fraction of this value. The propeller geometry is parametrised such that with a limited number of design
variables a wide range of propeller geometries can be obtained with a smooth shape.

Both the chord and pitch distributions consist of a linear distribution with a value at the root and a value at
the tip and an intermediate distribution as shown in figure 3.4 (a). The intermediate distribution is described
with the method from Kulfan [63] in which a shape function and Class Shape Transform (CST) coefficients are
used. A non-dimensional coordinate { with { = 0....1 is used as the radial location with { = 0 at the propeller
hub. The non dimensional function value ¥ represents either a value for § and 5. The non linear interme-
diate distribution is then given in equation 3.5 in which A are the CST coefficients. This distribution is then
mapped to the hub to tip region. The values of N1 and N2 represent a measure of the gradient at the root
location and tip location respectively and vary between 0.5 and 1. The effect of these exponentials and the
coefficients A;_, on the intermediate distribution is illustrated in figure 3.4 (b) and it is shown that a wide
range of shapes can be constructed.

N
(=¥Ma-vN?Y 4w (3.5)
i=0

The airfoil contour could also be described using CST coefficients. However, a lower number of variables
describing the airfoil is preferred. Therefore the NACA 4-series airfoil geometry is used for the airfoil descrip-
tion. The upper and lower surface distributions are a function of the maximum camber m, the location of the
maximum camber p and the maximum thickness ¢. The airfoil geometry descriptions can be found in e.g.
Abbott and von Doenhoff [54] and are not repeated here. To simplify the analysis and to limit the number of
design variables, a single airfoil is used along the radius. The effect of using only one airfoil is discussed in
Chapter 6. The location of the maximum thickness is set to 30% of the chord length to reduce the number of
airfoil parameters to two.

As the design variables are not necessarily of the same order, the variables are normalised with respect to
their initial value. This ensures that the sensitivity of the variables with respect to the objective function is
not influenced by their absolute values. Table 3.2 lists the design variables.

Appropriate initial reference values are important for convergence of XROTOR and XFOIL. When N-XROTOR
does not converge because the initial design vector represents an unrealistic design, the optimiser might ex-
perience difficulties in finding a solution. One of the values which is dependent on the operating condition
is the Bro0r and By;p. It is suggested that these angles, at least for symmetric airfoils, are equal to or larger
than the local flow angle ¢'. Therefore their value is based on this local flow angle as the reference value. For
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Figure 3.3: Overview of optimisation sequence in which the use of CFD is indicated.
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Figure 3.4: The definition of the propeller geometry in (a) using a hub and tip value of the % and f with an intermediate distribution.
This distribution is constructed using shape functions in which several examples are shown in (b)

the other reference values, first an optimisation is performed without airfoil data to approximately estimate
a distribution which provides a reasonable propeller geometry with relatively low computational resources.
This is used as a starting condition for the optimisation including airfoil shape parameters.

3.4.3. CONSTRAINTS

There are a number of equality constraints (i = 0) and inequality constraints (g < 0) implemented for a num-
ber of reasons: to describe the design condition, to constrain the optimiser from non smooth geometries and
to avoid unwanted effects such as trailing edge stall at some radial locations for the design condition.

The first equality constraint h; is to ensure that the thrust of the propeller balances the drag force of
the fuselage, as defined in equation 2.7, and should therefore be equal to a reference thrust T;.¢. This is the
design condition which is different for the (isolated) uniform and (integrated) non-uniform inflow propellers.

hi=Toep—T (3.6)

The maximum allowable deviation on this equality constraint is set to 0.1%. A smaller value results in a
significant computation time and larger values are considered to be unsuited for comparison purposes. The
other two equality constraints are introduced to ensure that only results are produced with both XFOIL and
XROTOR converged. Convergence of XFOIL in this context means that most of the airfoil data is computed.
When there is no convergence, the optimiser is setup as such that the optimisation will continue, but the
equality constraint(s) get(s) a finite value:

h, =0 if XFOIL is converged, else

3.7
_1 3.7

h3 =0 if XROTOR is converged, else

3.8
-1 3.8

The inequality constraints g and g, are related to the geometry. The optimisation routine may provide a
geometry (chord and pitch angle combination) that is not feasible because (1) it may be insensitive to local
flow effects near the tip and (2) because two combinations of % and § can yield nearly similar results in terms
of dT and dQ of which only one combination is desired. In general, rapid changes in geometry near the root
and the tip result in structural problems which should be avoided. Therefore a decreasing f(r) towards the
very tip region (% = 0.90...1.00) is set as a constraint. Also, the outer region of the propeller tip is forced to
have a only decreasing % value. These constraints ensure a smooth geometry. The third inequality constraint
is related to the airfoil performance. Because the prediction of the airfoil data in the non-linear C; regime
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Table 3.2: List of design variables, their reference values and their upper and lower bounds

Vector index  Variable Reference value x,,r  Upperbound Lower bound
x(1) £ CST coefficient  0.25 0.00 1.5
x(2) % CST coefficient  0.25 -0.5 1.5
x(3) + CST coefficient  0.25 -0.5 1.5
x(4) + N1 coefficient  1.00 0.50 1.0
x(5) (%)mm 0.15 0.40 15
x(6) Rltip 0.10 0.40 2.0
x(7) B CST coefficient  1.00 -1.0 3.0
x(8) B CST coefficient  1.00 -1.5 3.0
x(9) B CST coefficient 1.00 -1.5 3.0
x(10) B N coefficient 1.00 0.5 1.0
x(11) Broot 1.00 Bo 0.8 2.0
x(12) Brip 1.00 Bo 0.8 2.0
x(13) t airfoil thickness  0.06 0.7 1.5
x(14) m airfoil camber  0.04 0.0 2.0
x(15) R (if applicable) 899 0.8 1.5

is relatively uncertain, for the design condition it is preferred to have a C;(r) distribution which is still in the
linear lift curve slope regime and therefore constraint g; is implemented.

81 =PBrip—Pr.N1 (3.9)

=2 ‘ (3.10)
&= Riip R1.N-1 :

83 = Cpnontinear — Ci (3.11)

3.5. REFERENCE CASE: OPTIMISATION FOR UNIFORM INFLOW
This section describes the results from the optimisation routine for a propeller with uniform inflow. The
relevance of these results is that the theory of optimal propeller performance of a uniform inflow propeller
without profile losses is well established which makes the uniform flow case a relevant test case for the opti-
misation routine. This test case provides insight in how well the setup performs.

For comparison purposes the operating conditions are similar to the operating conditions established
in Chapter 5. These conditions are used in the remainder of the thesis to compare the performance of the
uniform and non-uniform inflow propellers. In this optimisation the following design condition is prescribed:

° Voo =70 [m/s].

° R=0.2404 [m], Ryup = 0.053 [m] and the tip advance ratio J = 1.50
* T=Djsolared = 74.20 [N].

* The number of blades is set to 2

¢ Standard atmospheric conditions are used.

* Onlyinduced losses are taken into account (i.e. Cz = 0).

It has been checked that different initial conditions lead to the same converged design vector. The values
of the design vector range 0.15 to 1.5 which indicates that the normalised variables have the same order of
sensitivity to the objective function. The efficiency distribution of the optimised propeller is shown in figure
3.5. The figure shows an almost constant distribution of efficiency, which is in line with the theory of Betz
[42], except for the tip and root region. In these regions the induced velocities computed in the lifting line
tool are very large and the blade parametrisation does not allow for significant changes in geometry in these
regions. However the result is an indication that the optimiser yields acceptable results.

XROTOR has a design routine to design a propeller for minimum induced losses. The inputs for this rou-
tine include R, Ryyup, J, Voo, T and C;(r) and the outputs are S(r) and %. The optimisation routine described
in this thesis does not require a prescribe C;(r) and therefore the results from XROTOR cannot directly be
used to compare with the 'full’ optimised propeller.
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Figure 3.5: Results of a uniform inflow propeller optimisation for comparison with known distributions of such propeller. The local

efficiency distribution which should be constant according to Betz [42].






VALIDATION OF N-XROTOR FOR UNIFORM
INFLOW

This chapter describes the validation of N-XROTOR using experimental results and Computational Fluid Dy-
namics (CFD) results. Uniform inflow propellers are compared because experimental data for non-uniform
inflow propellers at relevant Reynolds numbers, flow conditions and relevant (unswept) propeller geome-
tries is not readily available. First a comparison is made with experimental data for two reference propellers
in section 4.1. A CFD analysis of the N250 propeller is performed in section 4.2 with the results being dis-
cussed in section 4.3. The purpose of these CFD simulations are to compare the results of N-XROTOR with
a higher order numerical method to determine how well N-XROTOR predicts the performance of a propeller
with a more complex flow than is assumed. The results will give an indication how much N-XROTOR deviates
from the CFD simulations, which is important for the analysis of the non-uniform inflow propeller in CFD
in Chapter 7. Also some of the findings with respect to the computational settings will be used for the CFD
simulation of the non-uniform inflow propeller.

4.1. COMPARISON OF N-XROTOR RESULTS WITH EXPERIMENTAL RESULTS
Experimental data of the performance quantities of two reference propellers designed for uniform inflow is
used to compare with results produced by N-XROTOR. The 'N250’ propeller [64] and the 'NACA Prop III’ [65]
are considered propellers with relevant geometry and operating condition; they have unswept blades, they
have moderate to high helical tip Mach numbers and have varying & and g distributions. The geometry
descriptions of these propellers are summarised in Appendix A.

N250 PROPELLER

The N250 propeller has a distribution of cambered airfoils with varying airfoil sections along the radius. Fig-
ures 4.1 (a) and (b) show a comparison of the Cr and Cp respectively for different values of J and By.79 com-
puted with N-XROTOR against experimental data. The performance curves are computed with a constant
rotational speed and standard atmospheric conditions are assumed. The figure shows that N-XROTOR pre-
dicts the trends of the thrust and power coefficients relatively good. Two observations may be made when
looking at the Cr curves. For all blade angles, the lower values of J result in an over prediction of Cr. A pos-
sible cause for this could be an over prediction of the C; at high angle of attack due to the over prediction of
C1,max by XFOIL or an over prediction of the lift production beyond stall. The finite chord length results in
an effectively lower angle of attack compared with the lifting line because of the variation of circulation in
chordwise direction, which may explain the higher slope of the Cr curve by N-XROTOR. The over prediction
may also be the result of separated flow which affect unstalled sections. The slightly higher slope of the Cr—J
curve for all but the smallest .79 could be a result of an over prediction of C;, as is further elaborated in this
Chapter 7. Contrary to the wind tunnel experiments, the CFD simulation of the N250 prop does not simulate
a finite spinner length and consequently the additional mass flow of pVOOnR;zl . does not flow through the
propeller disk in the CFD simulation. This reduced mass flow leads to a slightly increased angle of attack in
the root region in the N-XROTOR simulation compared with the experiments which may partially explain the
higher predicted performance in the N-XROTOR simulation. This effect is essentially a reduction in advance
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ratio. Also the Cp curve of N-XROTOR shown in figure 4.1 (b) compares relatively good with the experimental
results. The trend of all advance ratios and blade angles is followed. The most distinct effect that is observed
is an almost constant off-set of the power w.r.t. experimental data. The slightly larger under prediction of Cp
at all advance ratios could be a result of a constant under prediction of the skin friction by XFOIL.

It should be noted that these results are computed with a N,;;; of 5. The effect of the critical amplification
factor is elaborated in section 4.3 and has shown quite significant effects on the performance. Also, it may be
expected that the operating conditions do not exactly match in terms of rotational speed and velocity.

The effect of the number of radial stations on the performance quantities is shown in Appendix B in figure
B.1 for a propeller discussed in section 4.1. It is shown that for approximately 60 radial sections the solution
is reasonably converged and this number is chosen for all simulations.

NACA Prop III

Evans and Liner [65] conducted wind tunnel tests on the full-scale NACA 10-(1.5)(062)-057 propeller (de-
noted as 'NACA Prop III') and is a two-bladed propeller with symmetrical NACA 16-series airfoil sections and
a design advance ratio of J = 2.0. The chord and lift coefficient distributions were selected to meet the Betz
loading distribution at the design operating condition. The operating conditions of this experiment were a
constant Q for a varying J. Figures 4.1 (c) and (d) show the comparisons of the performance quantities with
N-XROTOR. The slope of the Cr curve is very well captured for all blade angles. The constant offset may be
the related to the geometry and operating condition. The lag of a spinner in N-XROTOR actually causes a
reduced advance ratio for N-XROTOR, which would shift the curves to a higher advance ratio relative to the
experimental results. The operating condition and uncertainty in force determination may have caused a de-
viation. Also, when the blade is slightly twisted during the experiment due to a non zero moment coefficient,
the thrust and torque are reduced in the experiment, although this is expected especially to be present at
higher thrust settings, which does not explain the constant off set. The Cp curves show relatively good agree-
ment for the higher advance ratios for all blade angles. However, the low advance ratios N-XROTOR shows an
earlier non-linear behaviour than in the experiment.

4.2. CFD ANALYSIS OF N250 PROPELLER

As shown in section 4.1, N-XROTOR shows good agreement for the Cr over a range of advance ratios and a
reasonable agreement for Cp compared with experimental data for the N250 propeller. A CFD analysis on
this propeller is done because the geometry is readily available within the Delft University of Technology.

Because the calculation results depend on the domain, mesh setup and computational settings, some
information is provided on the various choices related to the CFD model in sections 4.2.1 to 4.2.5. A com-
parison of two different computational approaches for the rotating domain (Multiple Reference Frame and
sliding mesh) is performed in section 4.3.4. To limit the number of simulations only the B¢ 7z = 27.5° is sim-
ulated for a range of advance ratios to construct the Cr — J and Cp — J curves. The results are discussed in
section 4.3.

4.2.1. COMPUTATION METHOD AND SOLVER

The Navier-Stokes equations describe the state of a flow and to solve these equations on a discretised domain
several approaches exist. Direct Numerical Simulation solves all time and length scales. However for large
meshes at relatively high Reynolds numbers, this approach requires a significant amount of computational
resources [66] and is not suited for propeller design studies. For comparison studies with the relatively low
fidelity tool, DNS may provide a too detailed flow description. Large Eddy Simulations (LES) models the
smaller scales and calculates the larger scales. For propeller simulations, LES is generally not applicable for
design studies either due to the computational cost (e.g. [67]). The main stream propeller simulation method
is Reynolds Averaged Navier-Stokes equations in which the mean values of the fluctuations of all scales are
modelled. This approach is used throughout all simulations described in this thesis.

The choice of a software package is limited to the availability of software at the Delft University of Tech-
nology and to the capability of simulating a rotating domain with interfaces to a stationary domain. The latter
criteria is not readily available in SU; and this software package is therefore not used. The CFD package of
ANSYS™ is available and has been used for propeller simulations by several authors (e.g. [68]). This package
is chosen for both setting up the mesh with ANSYS Meshing and for the flow simulations ANSYS Fluent is
used.
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Figure 4.1: Comparison of results from N-XROTOR and experimental data of the N250 propeller in (a) and (b) and the NACA ProplII in
(c) and (d) with a N, ;; = 5. The effect of the number of radial elements used in XROTOR on the Ct and Cp of the N250
propeller at J = 0.79.

4.2.2, TURBULENCE MODEL
To solve the Reynolds Averaged Navier-Stokes equations a turbulence model is required to represent the
Reynolds stress tensor. An often used relation between the Reynolds stresses and the mean velocity gradi-
ents is the Boussinesq hypothesis:

—uéu}zZvTSij—gk&'j (4.1)

where the turbulence kinetic energy k = %u;._u;. and vt the kinetic eddy viscosity. The terms on the right
are solved using a turbulence model. The selection of an appropriate turbulence model is important for the
prediction of the propeller performance for both uniform flow in the N250 simulation as well as the highly
turbulent simulation of the non-uniform inflow propeller simulation. In the following paragraphs a brief
discussion is provided on the selected turbulence model.

A commonly used assumption for propeller CFD simulations is a 'fully’ turbulent boundary layer, such as
done by e.g. [67, 69, 70]. This assumption eliminates the need of a transition model and thereby simplifying
the problem. In this comparison study, N-XROTOR uses a turbulent boundary layer over the majority of the
airfoil surface to calculate the airfoil properties. However, care should be taken when a fully turbulent sim-
ulation is compared with the experimental results. Some notes on the behaviour of the selected turbulence
model near the leading edge is provided at the end of this section.

A turbulence model should be selected which is reasonably accurate in wall bounded flows with an ad-
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verse pressure gradient and also is reasonably accurate in free-shear flows to capture the flow in the propeller
slipstream. Different turbulence models exist for RANS simulations to describe the Reynolds stresses. An
approach to describe the Reynolds stresses is to use a turbulent-viscosity model using an algebraic relation, a
single model transport equation or by describing turbulence quantities such as « and € (two-equation mod-
els). In Reynolds-stress models, modelled transport equations are solved for the Reynolds stresses and there
is no need for a turbulent viscosity [59] and the consequence is a significant increase in computation time
with respect to eddy viscosity models. Each of these models provide a fuller description of the turbulence.
Algebraic and one-equation models (such as Spalart - Allmaras) omit the last term in equation 4.1. Two-
equation turbulence models solve both the turbulent length and time scales with two different equations.
One of these models is the standard « — e model which has been widely used for practical flow calculations
and has reasonable accuracy for a wide range of flows [59, 66, 71]. However, according to Wilcox [66] the x —€
model has shown to be inaccurate when adverse pressure gradients are present and has a tendency to predict
the onset of separation too late. In addition, at the edge of the boundary layer, the transition from turbulent
flow and non-turbulent flow is very abrupt. A number of models developed to solve these problems, such as
the ¥ — w models, have shown a significantly more accurate prediction of separation and the boundary layer
in adverse pressure gradients in a number of test cases [59, 66, 72]. The x — w Shear-Stress-Transport (SST)
model was designed to give a highly accurate predictions of the onset and the amount of flow separation un-
der adverse pressure gradients by the inclusion of transport effects into the formulation of the eddy-viscosity.
The performance of this model has been demonstrated in a number of (general) validation studies [66, 73].
The SST model uses a blending of the standard model x —w in the inner region of the boundary layer with the
x —e model in the outer part of the boundary layer. These features make the SST model more accurate and
reliable for a wider class of flows than the standard x — w model.

A frequently used turbulence model for propeller simulations is the one-equation Spalart-Allmaras tur-
bulence model [67, 70, 74, 75]. Also examples have been found in which the x — w SST turbulence model is
used for propeller simulations including:

* Ruiz-Calavera and Perdones-Diaz [68] for transient simulations on a propeller-wing configuration.
* Ortun et al. [69] for a transient simulation of the APIAN propeller at both M =0.2 and M =0.7.
* In Meheut [76] and Falissard et al. [77] for counter rotating open rotor configurations.

As this model has shown better performance than the Spalart Allmaras, the x —w SST is chosen with the
default values from Fluent for the modelling constants. In Rumsey and Spalart [78] it is recognised that a
"fully turbulent’ turbulence model does not necessarily yield a fully turbulent solution through the complete
boundary layer. Often there is a region close to the leading edge in which the eddy viscosity produced is low
as the local Reynolds number is low and there is effectively a small region of flow which does not behave like
a turbulent boundary layer. The N250 propeller has a Re,(r) varying between 1-10° to 4-10° at the reference
advance ratio which is considered to be relatively low. Fluent has implemented an option to model the effects
of alow Reynolds number in the x —w SST model via a 'low-Reynolds number correction’. With this correction
the turbulent viscosity is damped depending on the local Reynolds number and thereby surpressing the de-
velopment of turbulent kinetic energy in the boundary layer. The effect of this option is discussed in section
4.3.

It can be expected that the local flow velocity near the propeller surface varies significantly in chordwise
direction and varies in radial direction. It is well known that the turbulent boundary layer can be subdivided
into an inner and a outer layer [59]. The inner layer (characterised % < 0.1) is characterised by the so-
called law of the wall [59]. The inner layer has three regions; the viscous sub-layer (y* < 5), the log-law layer
30 < y* < 350 and a buffer region in between [59]. Therefore an appropriate near-wall treatment should
be applied to ensure that the approximations of the particular turbulence model hold over the complete
propeller surface. A near wall treatment is required as the first layer height is constant over the surface but
the y+ changes significantly along the surface for a given first element height. In order for the model to
use the approximations in the sub layer of the boundary layer, automatic scalable wall functions are used to
artificially shift the local small values of y+ to a fixed value. This removes the requirement of local first layer
heights and simplifies the meshing procedure. The w based models do not require a certain y* value in Fluent
as Fluent blends the viscous sub-layer formulation and the logarithmic layer formulation [71], however the
lowest values should be below this threshold.
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4.2.3. DISCRETISATION SCHEMES

Fluent uses a pressure-velocity coupling to solve the discretised Navier-Stokes equations. Fluent provides
several algorithms for the iterative calculation of the pressure and velocity including the SIMPLE, SIMPLEC,
PISO, Fractional Step Method (FSM) and Coupled methods. The steady state solution is obtained by using
an initial condition and iteratively finding the solution using under relaxation factors to limit the maximum
growth of the solution per iteration. The SIMPLE scheme is the default algorithm in Fluent. It is recom-
mended by ANSYS [71] to use the PISO method for transient calculations. For steady-state calculations, the
PISO algorithm does not provide a noticable advantage over SIMPLE or SIMPLEC [71]. In Jang et al. [79] a
comparison was made between these algorithms for a number of reference flows. The difference in these
algorithms is the convergence time required for equal convergence levels. No significant differences be-
tween the methods have been found between the (revised) SIMPLE method and SIMPLEC. PISO shows in
some cases a lower required computational resources but is less robust than SIMPLE and SIMPLEC. There-
fore SIMPLE is chosen as the algorithm throughout the simulations. Most of the under relaxation factors are
set to their default values in Fluent as they result in a good and stable convergence for a wide range of flows
71]. Only the under relaxation factor on the energy equation is slightly decreased as the default value of 1
results in an oscillation and divergence on the residual of the energy equation and its value is reduced to 0.9
to avoid this behaviour.

For the spatial discretisation, several methods exist including first order upwind, second order upwind
and third order upwind (QUICK). Higher order simulations lead to a better representation of the propeller
slipstream as artificial dissipation becomes smaller with increasing order. First order upwind schemes re-
sult in significant artificial dissipation and is therefore not used. The second order spatial discretisation is a
frequently used method for propeller simulations, e.g. by [49, 68, 69, 77]. For the transient sliding mesh sim-
ulation a second order discretisation on the time is used which is the same approach as in [49, 69]. In order
to begin the transient simulation with a reasonably good solution, the results from the MRF method are used
as the initial condition of the sliding mesh simulation. This has been suggested by e.g. [71]. The sliding mesh
simulation has a time step of 1° of propeller rotation, based on time steps found in [67, 69, 74, 75] ranging
from 1 —4°. The maximum number of iterations per time step is set to 20.

4.2.4. DOMAIN AND BOUNDARY CONDITIONS

An overview of the domain is provided in figure 4.2. The N250 propeller is simulated on a cylinder with
constant radius throughout the domain. This setup differs from the experimental setup in which a spinner
with finite dimensions is used. However, the N-XROTOR results are produced with a similar setup as this
CFD setup. This cylinder/hub is modelled as a slip wall, i.e. there is no boundary layer formed on this surface
which influences the flow field close to the propeller.

The dimensions of the domain are assumed to be large enough to have no influence on the flow field in-
duced by the propeller. Indications of the domain size are found in e.g. Ortun et al. [69] in which a multiblock
domain is used with boundaries located approximately 4R in the upstream, downstream and radial direction
of the propeller. Similar dimensions are used in Ruiz-Calavera and Perdones-Diaz [68]. The rotationally pe-
riodic nature of the problem allows for a reduced domain of one propeller blade (60°) compared with a full
360° domain [49, 74, 80-83] using periodic boundary conditions.

Far from the spinner and hub in radial direction the flow is parallel to the freestream flow. Therefore a
symmetry boundary condition is used on this surface. Because the propeller geometry encounters moderate
Mach numbers, a compressible flow simulation is performed. For compressible flows the density variations
are accounted for in the mass conservation equation using the energy equation and therefore uses more
computational resources than an incompressible flow. An ideal gas is assumed throughout all simulations
in this thesis. The inlet and outlet boundary conditions for the compressible flow simulation consists of an
inlet total pressure, inlet total temperature and an outlet total temperature and (averaged) static pressure as
suggested in [71]. Their values are determined using the isentropic relations with a gage total pressure of
pio = %/oVozo which leads to a total temperature T; and temperature T with the reference (static) pressure
being ps = 1.01325- 10°[Pal. These values lead to an inlet velocity of V., and are listed in table 4.1.

The mesh consists of a rotating domain in which the propeller and spinner are located and a stationary
domain in which the hub located. Different methods exist in ANSYS Fluent to model the rotating domain
including a steady method (Multiple Refrence Frame method (MRF)) and a transient methods (e.g. sliding
mesh). The MRF model is a steady-state approximation in which individual cell zones can be assigned differ-
entrotational speeds. The flow in each moving cell zone is solved using the moving reference frame equations
including Coriolis- and centrifugal forces. At the interfaces between cell zones, a local reference frame trans-
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Figure 4.2: Domain setup of the N250 CFD propeller simulation with dimensions and boundary conditions indicated.

Table 4.1: Boundary Conditions for the N250 isolated propeller simulation at J = 0.79

Face Type of Boundary Condition Value

Inlet Face Pressure inlet w.r.t pg pt,0=1773.64 [Pal
Ty =291.288 [K]
T =289.847 [K]
Tu=0.1%
Ve _
- =21[-1

Outlet Face Pressure w.r.t. pg 0[Pa]

Side faces (2x) Periodic Boundary Condition -

Top face Symmetry Boundary Condition -

Propeller No Slip Wall -

Spinner and hub  Slip Wall -

formation is performed to enable flow variables in one zone to be used to calculate fluxes at the boundary
of the adjacent zone. This means that the mesh itself does not rotate and this method can be referred to as
a 'frozen rotor’ approach. In the sliding mesh approach the mesh is physically rotating with each time step
with respect to the stationary domain. At the non-conformal interfaces the flow quantities from the one do-
main are interpolated at the interface and transferred to the other domain. As the MRF method is a steady
method, it uses significantly less computational resources compared with the transient sliding mesh method.
It is recommended by Shankaran and Dogruoz [84] that the rotating domain is slightly larger than the rotating
components. This is applied for the N250 domain as shown in figure 4.2. In Veldhuis and Luursma [83] it was
shown that both time dependent and steady methods have relatively good agreement. The predicted axial
induced velocity distribution by the sliding mesh method was slightly lower than the quasi-static method. To
quantify the effect of using a simplified model for the N250 simulation, both the MRF method and the sliding
mesh method are used to compute the results.

In Spalart and Rumsey [385] the importance of the correct choice of the turbulent kinetic energy and the
turbulent eddy viscosity ratio % for inlet boundary conditions is discussed for the x —w SST model. Excessive
eddy viscosity ratios can lead to the production of turbulence in regions where no turbulence should exist.
The inlet conditions effect the location of transition (e.g. [56]) and hence fully turbulent simulation have a
lower sensitivity to inlet turbulent quantities. When the upstream mesh has a significant element size, the
decay is not resolved accurately and hence the turbulence quantities the geometry experiences may be very
different from the specified inlet conditions. In Spalart and Rumsey [85] it is shown that higher values of
turbulence intensity Tu the more rapid the decay from the inlet towards the geometry and the lower the
value of v; the more rapid the decay. It is recommended to use either very low levels of Tu or very high
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levels of v; to achieve reasonable decay rates. For large decay rates, a coarse mesh makes the solver unable
to compute the decay rate accurately and the decay may be underestimated. Recommended values for the
x —w SST model are Tu = 0.1% and % =2-10""Re; in which Re; is the Reynolds number based on the length
of the geometry of interest. The Re. of the propeller is changing along the radius; for the N250 propeller at
the selected operating condition ranging from Re. = 1.0...4.0-10”. Therefore an intermediate value of % =2
is chosen. The value of turbulence intensity at the inlet plane is set to Tu = 0.1%.

4.2.5. MESH AND MESH REFINEMENT STUDY

Previous propeller simulations show quite a range in the number of cells per blade domain, in the order of
10° to 108 cells per blade domain [67, 70, 82], depending on the objective of the research. In this research a
reasonable description of the propeller slipstream and a relatively good prediction of performance is required
for comparison purposes.

Figure 4.2 shows the multiblock domain. The hybrid mesh consists of a unstructured grid throughout
the domain with an inflation layer consisting of prismatic shaped elements normal to the propeller surface
and hexahedral shaped in the parallel direction. Refinement is applied towards the propeller such that the
upstream, rotating, downstream domain blocks and a refinement box around these each have a refined mesh.
The mesh close to the propeller blade requires special attention. When the region of the propeller boundary
layer is not sufficiently resolved, both the thrust and power may show quite large deviations. On the suction
side the larger displacement thickness of the boundary layer results in a decambering effect [86] which could
lead to an under prediction of the thrust and and power. Not all combinations of number of elements, first
element thickness and growth rate result in a smooth inflation. The settings for the inflation layer are listed in
table 4.2 and have the same order as found in e.g. [68, 71]. No inflation layer is used on the spinner and hub.
Although the slip condition on the spinner and hub results in much lower gradients of the flow quantities
compared with a slip wall, a refinement is specified as the flow in the root region of the propeller should still
be modelled with sufficient accuracy.

As discussed in the previous section, the upstream domain should be sufficiently refined to obtain the
flow turbulence quantities set as boundary condition on the inlet at the propeller location without a signif-
icant numerical dissipation. It can be expected that a more refined slipstream leads to a longer existence
of the trailing vorticity from the blades, as the numerical dissipation is proportional to the element size. As
the induced velocity field near the propeller is to a large extend the result of the trailing vorticity, also the
propeller performance is affected by numerical dissipation.

A grid refinement study is performed to analyse the effect of a finer mesh on the propeller performance
quantities, blade section pressure distribution and induced velocities. The number of inflation layers and
first layer thickness is iteratively determined. This means that the inflation layer in normal direction is con-
structed first and then the size of the other elements is determined based on the grid refinement results.
Because there is no geometry other than the hub downstream of the propeller, the development of the vor-
tex structure is of secondary importance relative to the performance quantities. Four different meshes are
considered with each having a more refined mesh. A summary of the meshes is given in table 4.3 and a full
description is listed in Appendix B. The table shows that there is not significant change in the performance
quantities with increasing number of cells.

In Appendix B the induced velocities in a plane behind the propeller are shown. The induced velocities in
the tip region show quite a deviation w.r.t. the finest mesh. In this region the velocity gradients are largest due
to the tip vortex and is better captured with a finer mesh. The difference between mesh 2 and mesh 3 is mainly
the refinement of the volume surrounding the rotating and slipstream domains. This shows a relatively large
effect of the mesh away from the propeller on the induced velocities in the tip region. The over prediction of
the Cp of mesh 2 is also observable in the higher tangential induced velocity. The C,, distribution of the blade
section at /R = 0.70 is shown in Appendix B. The meshes show only minor deviations on the C), distribution
and no conclusion can be made based on those distributions. The effect of a more refined propeller surface
(between mesh 3 and 4) is a slightly lower thrust and torque. However, an increase of the number of cells of
almost 18% results only in a 0.4% deviation in both Cr and Cp. Based on these results, mesh 3 is selected
which is considered a balance between accuracy and computational time.

4.3. COMPARISON OF CFD REsULTS WITH N-XROTOR

In this section the CFD results of the N250 propeller are compared with experimental data and the results
computed by N-XROTOR.
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Table 4.2: Inflation layer settings for the N250 propeller simulation.

Mesh Value
Number of inflation layers 12

Growth rate 1.05

First layer thickness 8-107° [m]
y* (for ] =0.79) 1-40

Table 4.3: Summary of grid refinement study on the CFD simulation of the N250 propeller using the Multiple Reference Frame
approach at J = 0.79. The different meshes may be found in Appendix B.

Mesh Number of elements Cp[-] Cp[-]
Mesh1 6,473,833 0.2190 0.2469
Mesh2 8,704,778 0.2214 0.2483
Mesh3 9,129,987 0.2205 0.2480
Mesh4 10,753,963 0.2195 0.2470

4.3.1. RADIAL DISTRIBUTIONS AND PERFORMANCE

The performance quantities computed with CFD and with N-XROTOR at an advance ratio of 0.79 are com-
pared in table 4.4. Compared with the Multiple Reference Frame (MRF) simulation with the standard x — w
SST model, N-XROTOR shows an overprediction of the thrust by 5.25% and an overprediction of the power
by 3.67%. The thrust and torque distributions computed with CFD and N-XROTOR at J = 0.79 are compared
in figures 4.3 (a) and (b). Overall the distributions predicted by N-XROTOR correspond quite well with the
CFD data with the general trend well captured and the location of the maximum is captured approximately at
the same location. The main observation is an over prediction of the thrust (and therefore also torque) at the
highest loaded region on the propeller. The lower thrust and torque of the CFD simulation is also observed
in the performance curves in figures 4.3 (c) and (d) as a constant offset in Cr with respect to N-XROTOR and
an approximately constant offset with respect to experimental data. The following sections discuss this over
prediction.

Next to the over prediction in the high loading region, a difference may be noticed in the hub region. The
hub effect increases the circulation on the propeller blade and this effect is clearly visible in the CFD results as
a slight increase in thrust and torque. The finite circulation leads to a hub vortex, which is shown in the axial
vorticity behind the propeller in figure 4.7 in a concentrated vorticity near the propeller root. The N-XROTOR
results have a finite loading at the hub radius, but the value is under predicted. However, the deviation will
not have a significant effect on the performance quantities when the blade loading in this region is relatively
small.

The induced velocities computed in N-XROTOR do not include the effect of viscosity on the development
of the slipstream as the vortex structure in the CFD dissipates downstream. Additionally, the propagation of
the low velocity wakes coming from the trailing edges of the propeller blades is not modelled in N-XROTOR.
This latter effect has been recognised by Roosenboom et al. [67] in the comparison of an inviscid blade and
a viscous blade CFD simulation. Therefore it can be expected that the induced velocities in the slipstream
computed by N-XROTOR are slightly higher than the CFD result.

Table 4.4: Comparison of performance quantities as calculated by N-XROTOR, a steady CFD simulation (Multiple Reference Frame
method) and a transient CFD simulation (sliding mesh) for the N250 propeller at J = 0.79.

Method Turbulence model Ct[-] Deviation Cp[-] Deviation g—; J[-] Deviation
CED - Slidingmesh  x —w SST 0.2228 - 0.2505 - 0.7064 -

CFD - MRF K —w SST 0.2209 -0.85% 0.2480 -1.00% 0.7074 +0.10%
CFD - MRF x —w SST with low Re corr.  0.2220 -0.36% 0.2495 -0.39% 0.7066 +0.04%

N-XROTOR - 0.2345 +5.25% 0.2597 +3.67% 0.7133 +0.98%
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4.3.2. EFFECT OF AIRFOIL PROPERTIES

The overprediction of the thrust and torque may be a result of an over prediction of the airfoil properties in
N-XROTOR which are computed with XFOIL. In figure 4.3 (c) and (d) the thrust and respectively the power
coefficient are compared for different values of N,;;; used in N-XROTOR to compute the airfoil data. The
figure shows a quite significant effect of the transition prediction on the thrust and power and shows the
range in which the result is influenced by 2D transition. In this case, a relatively high value of N;;; =5
corresponds best with the experimental data. This could indicate that a relatively large part of the propeller
in the experiment had laminar flow. When the N,,;; is reduced the transition points on both lower and upper
surface move towards the leading edge causing a decambering effect on the boundary layer. This results in a
reduced camber and a lower thrust. This can be readily observed in figure 4.3 (e) in a reduction in thrust over
the complete blade computed by N-XROTOR. Appendix B shows the corresponding distributions of C;(r)
which is lower over the complete blade. The performance curves figure show almost a constant off-set over
the complete range of J. The overall observation is that the N-XROTOR results compare better with the fully
turbulent CFD with a forward movement of the transition point (in the next section more detailed discussion
of the turbulence model in the CFD is given). The effect on the Cp with a larger region of turbulent flow is an
increased profile drag which increases the torque. However, the reduced lift component causes a decrease in
the total torque. Figure 4.3 (b) shows a net reduction in power when a larger portion of the blade has turbulent
flow. Similar trends are found in e.g. Taranov and Lobachev [87] who shows several percent higher C7 and
Cp predictions when a transition model is used in combination with the ¥ — w SST model and shows better
agreement with experimental results.

A comparison of 2D CFD simulations on one of the airfoil sections of the non-uniform inflow propeller
shows a relatively large deviation of airfoil properties between XFOIL and CFD. When the optimised propeller
is calculated with CFD data instead of XFOIL data, a reduced thrust and torque has decreased several percent
(further discussed in Chapter 7).

One of the reasons that the airfoil properties between XFOIL and the CFD simulation can vary is by the
turbulence model. In XFOIL the transition occurs not exactly at the leading edge. In Rumsey and Spalart [78]
itis discussed that the standard x —w SST model does not correctly model the boundary layer near the leading
edge for low Re, flows. In table 4.4 it is shown that compared with the standard SST model, the SST model
with low Reynolds number correction leads to slightly higher thrust and torque values. A comparison of the
distributions of d T'(r) and dQ(r) of these models is given in Appendix B and shows minor differences. The
higher values show that in this case the modeling of the boundary layer near the leading edge has a definite
but relatively small effect on the results. A further discussion on the cause of these deviations is given in
Chapter 7.

4.3.3. RADIAL FLOW

One of the effects that is not captured in N-XROTOR is radial flow. To visualise the flow direction close to
the propeller surface, wall shear streamlines on the surface can be used. Figure 4.4 shows the wall shear
streamlines on the suction and pressure side of the N250 propeller. Figure 4.5 shows the velocity streamlines
at a number of distances away from the propeller surface. A similar pattern of the velocity streamlines can
be noticed compared with the wall shear streamlines and the radial flow relative to the chordwise flow is
relatively high close to the surface. In figure 4.5 a quite large region outside the boundary layer on the low
pressure side is shown to have a radial flow component. It can be noticed that at the trailing edge a radial flow
component is present towards the propeller tip up and till approximately 0.7R. In the tip region, a radial flow
in opposite direction is present. Also, the radial flow is noticeable away from the surface but is pronounced
within the boundary layer. There are a number of individual causes for radial flow which add together to the
total radial velocity for the N250 simulation:

 The vorticity that is shed from the trailing edge has a tendency to create a radial flow on the suction and
a radial flow in opposite direction on the pressure side. This behaviour can be clearly distinguished in
figure 4.4 with the location of the maximum circulation indicated. From the hub to I'p ;4 the vorticity
causes a flow towards the tip on the suction side. At I'g ;45 the shed vorticity % = 0 and from that
location to the tip the vorticity changes direction causing a radial flow towards the root on the suction
side, as sketched in figure 4.4. The region of influence of this propeller is in the trailing region and does
not significantly influence the upstream flow.

* The volume of air inside the boundary layer experiences a centrifugal acceleration which is propor-
tional to the radial location and results in a radial flow component. Thereby the streamlines are bended
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towards the tip. This effect is pronounced on boundary layers close to separation as the radial velocity
component is relatively large and is therefore especially present on the suction side of the propeller [57].
This effect may be observed in figure 4.4. The radial acceleration is increasing towards the tip and con-
sequently also the radial velocity is increasing. This results in a Coriolis force which becomes therefore
larger towards the tip and bends the wall shear streamlines more in line with the chord direction.

* The contraction of the slipstream also causes a radial flow component, especially at high disk loadings
[58]. This contribution will be noticeable in the tip region as a radial flow towards the root on both
suction and pressure sides.

The effect of radial flow is expected to influence the magnitude of the local axial velocity and change the
aerodynamic coefficients of the blade sections (noted in Zondervan [58]). The aerodynamic coefficients are
slightly changed because the radial flow increases the boundary layer thickness on the airfoil and reduces
the magnitude of the effective velocity in chordwise direction. In N-XROTOR the presence of radial flow is
completely neglected in the computation of the induced velocities.

4.3.4. COMPARISON OF MULTIPLE REFERENCE FRAME AND SLIDING MESH

The effect of the sliding mesh method compared with the Multiple Reference Frame (MRF) method is shown
in table 4.4 as a slight increase in thrust and power. To determine what mechanism causes this change in
thrust and power, one can observe the vorticity distribution in the propeller slipstream in figure 4.6. In the
MRF approach the vorticity shed from the trailing edge moves downstream with the freestream flow plus
the axial and tangential induced velocities and maintains relatively concentrated. The development of the
slipstream in the sliding mesh shows a helical structure of the vortex sheets which includes Q due to the
frame motion, in addition to the freestream and induced velocity field.

It can be expected that the vorticity distribution in the slipstream affects on the flow field in the vicinity of
the propeller and thereby influencing the propeller performance. The sliding mesh results in a more averaged
distribution of vorticity from the perspective of the propeller. The MRF approach may induce velocities in a
more concentrated way. This effect is shown in figure 4.7 which shows the axial velocity in a plane behind
the propeller. The sliding mesh approach has a much more constant distribution of V, in circumferential
direction than the MRF approach. In the latter the high induced velocities move in axial direction without
significant mixing. The sliding mesh therefore shows a more constant contraction of the slipstream. When
the distribution of y, is compared one can clearly observe a shift in circumferential direction of the vorcitity.
In addition, the deformation of the vorticity in the root region is not observed in the MRF simulation.

The upstream pressure shows quite a large deviation between the two methods. Where the axial velocity
and vorticity behind the propeller are more concentrated in the MRF simulation, the opposite is the case for
the upstream pressure. The magnitude of the lowest pressure in the sliding mesh simulation is lower around
in the tip region. The lowest pressure is lower than in the MRF simulation, partially due to the slightly higher
thrust. However, it may be expected that the time dependency has a larger effect. The pressure in an instance
in time has larger variations in circumferential direction compared with the more averaged pressure in the
MRF simulation. The upstream effect of the propeller on the non-uniform inflow simulation can be expected
to be larger and more accurately when simulated with the sliding mesh approach.

An interesting observation is that at the periodic boundary conditions the vorticity of one boundary does
not match the other boundary, especially visible in the MRF simulation. This means that these boundary
conditions affect the solution, although the effect may be small. As the mesh at the boundaries is conformal,
no spatial interpolation errors should be present. Other possible causes are not identified by the author. It
should be mentioned that the sliding mesh simulation yields to significant improvement in the convergence
of the residuals compared with the MRF approach. Especially the convergence of the residuals from the
continuity equation is improved (from 1073 to 107°).
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Figure 4.3: In (a) and (b) the comparison of N-XROTOR with CFD at J = 0.79. In (c) and (d) a comparison of results from N-XROTOR,
experimental data and CFD. In (e) and (f) the effect of N,,;; on the thrust and torque distributions
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Figure 4.4: Left: radial flow visualised using wall shear streamlines on the propeller surface and the location of maximum circulation is

indicated. In the right figure the effect of trailing vorticity on the induced radial flow component.
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Figure 4.5: Top: velocity streamlines at a number of distances normal to the N250 propeller to visualise the radial flow over the propeller
blade. Bottom: the radial flow at a plane at % = 0.50 with the velocity streamlines indicated.
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Figure 4.6: Isosurface of vorticity at y = 800[s~!] with the colors indicating the axial component of vorticity for both the Multiple
Reference Frame simulation and the sliding mesh simulation of the N250 propeller at J = 0.79 (the results are cut off at a
distance behind the propeller for visualisation purposes).
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Figure 4.7: Comparison of axial velocity and axial vorticity in a plane behind the N250 propeller at % = 0.50 for both the Multiple
Reference Frame simulation and the sliding mesh simulation of the N250 propeller at J = 0.79.






CFD SIMULATION OF A REFERENCE
NON-UNIFORM INFLOW

For the analysis and design of a propeller in a non-uniform inflow, a thrust requirement and the inflow of
the propeller should be known a priori as it is assumed that the inflow and drag do not change during the
optimisation process (section 3.3). These quantities are obtained by modelling the viscous flow around a
reference geometry and extracting the flow quantities at an aft location on this body at which the propeller
is located. Two CFD simulations are discussed in this chapter, an isolate fuselage simulation and a fuselage
with an Actuator Disk at the location of the propeller. The latter simulation is to estimate the interference
drag of the propeller which is modelled as using an Actuator Disk. This chapter describes the reference body
in section 5.1 followed by the setup of the flow domain to conduct Computational Fluid Dynamics (CFD)
simulations in section 5.2. The results of these simulations are provided in section 5.3. An approximation of
the effect of an installed propeller on the fuselage drag and inflow is discussed in section 5.4.

5.1. GEOMETRY OF REFERENCE FUSELAGE AND OPERATING CONDITION

The non-uniform profile of a boundary layer can be obtained by modelling a viscous flow over any curved or
uncurved shape. The goal is to design and analyse the non-uniform inflow propeller for a relatively realistic
flow condition to include a number of effects which are not present when a flow over a flat plate is simulated,
including thee-dimensional flow and interaction effects. The consequence of applying the design to one
fuselage is that the fuselage shape influences the results and hence conclusions regarding the a propeller in
the non-uniform flow need to be formulated carefully. However the advantage of using a realistic fuselage is
that a more complete understanding of the non-uniform inflow condition can be achieved. The selection of
the reference body is based on a number of requirements:

* The body should be an axisymmetric body of revolution to ensure no time-dependency of the propeller
inflow. The effects of time-dependent inflow which originates from e.g. an upstream wing or non-
axisymmetrical fuselage are considered to be a separate problem.

* The body should have a shape which resembles a fuselage shape, i.e. it has a rounded fore body, a
cylindrical center body and a tapered aft body.

* In order to validate the CFD simulation of the isolated fuselage case, it is preferred that validation data
or empirical data on the fuselage drag is available.

Chappell and Porter [88] documented a large number of front, center and aft body shapes of bodies of
revolution including empirical profile drag predictions for combinations of these sub-bodies. Based on the
above mentioned requirements, body 7 from Chappell and Porter [88] is chosen. A three-dimensional repre-
sentation of the fuselage is shown in figure 5.1 (a) and the description of the shape can be found in Appendix
C.

There are several considerations which might be important in the selection of the propeller location in
axial direction including the pressure gradient of the boundary layer, the design of the aft fuselage (i.e. the
'boat tail angle’), hub radius and structural considerations. The axial location of the propeller on the tapered
aft fuselage is not optimised for this study and is set to a fixed value. A finite hub radius is chosen because

45
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Figure 5.1: Reference fuselage based on Chappell et al. [88]. The fluid domain of the isolated fuselage is shown in (b) including the
dimensions (L is the fuselage length and R is the fuselage radius). The different boundary conditions are also shown. The
three domains (outer domain, refinement box and slipstream) can be distinguished as well.

it may be expected that the effectiveness of the propeller is increased when a finite hub radius is present as
will be discussed in later chapters. To capture most of the fuselage boundary layer, the propeller should be

positioned as far aft as possible with still an appropriate hub radius. A propeller location at T ;mge =0.967 is

chosen with being the fuselage length. This value gives a hub radius of approximately 20% of the radius when
the propeller tip is just inside the boundary layer of this particular geometry and operating condition. This
value is in line with several uniform-inflow propellers which have a hub radius in the order 0.2R [64, 65, 89].

The length of the fuselage is based on the Reynolds number of (approximately) = 107 [~] for which the
drag is empirically determined by Chappell and Porter [88]. The free stream velocity of 70 [m/s] is chosen in
combination with standard atmospheric conditions. With these conditions, a potential wind tunnel experi-
ment to reproduce the results obtained in this report could be conducted. Table 5.1 summarises the operating
conditions and fuselage length which are used in the remainder of this study.

5.2. CFD SIMULATION OF THE ISOLATED FUSELAGE

This section provides the setup of the CFD simulations of the isolated fuselage. Most of the settings are the
same as for the N250 simulation discussed in the previous chapter. A brief discussion on the setup is given
in section 5.2.1. Then the domain and boundary conditions are discussed in section 5.2.2. A mesh indepen-
dence study is done in section 5.2.3 which also provides the chosen mesh.

5.2.1. COMPUTATIONAL SETTINGS
The choice of computational strategy is, where possible, kept the same as for the N250 propeller simulation
discussed in section 4.2.1. Some additional remarks are listed in this section.

For the design and analysis a time average of quantities such as the fuselage drag and boundary layer
profile are required. There is no time dependency on the flow on the body of revolution and therefore steady
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Table 5.1: General flow quantities used in the simulation of the isolated fuselage

Quantity  Value

Vo 70[m/s]

) 1.225[kg/m3]

p 1.01325-10°[Pa]
U 1.780-107°[Pa- s]
quselage 6[m]

RBL 107[_]

simulations are performed. It is assumed that the flow over the fuselage is fully turbulent as the transition
behaviour is considered not relevant for this research. The relatively low free stream Mach number of about
0.20 does not necessarily require a compressible flow simulation to achieve reasonable accurate results. How-
ever, the propeller tip Mach number is significantly higher than this free stream velocity and therefore the
propeller-fuselage simulation is required to be compressible and for consistency the isolated fuselage simu-
lation is also a compressible simulation.

For the isolated fuselage simulations equal considerations in terms of turbulence modelling as for the
propeller simulation are important, such as the capability for adverse pressure gradients, the performance in
the shear layer of the propeller slipstream and the general prediction of lift and drag. A number of examples
of studies which use the x —» SST model have been found for simulating a flow around an axisymmetric
body. Barry and Boniface [90] uses the k¥ — w SST turbulence model for an actuator disk simulation (which
is also performed in section 5.4) and good agreement with experiments is found in Kim and Rhee [72] in
which several turbulence models are compared in simulations of an isolated ship hull. Although the Reynolds
number for flow around ship hulls is different and no compressibility effects are present, their conclusions
can be used as guidelines.

5.2.2, DOMAIN AND BOUNDARY CONDITIONS

The flow over an axisymmetric body of revolution can be simulated with either a three-dimensional (3D) do-
main or a two-dimensional (2D) domain with the appropriate boundary conditions. A 3D domain is chosen
asitis preferred to use a similar domain as a starting point for the 3D blade simulation in Chapter 7. Similar to
the N250 simulation, periodic boundary conditions are used due to the axisymmetric nature of the problem.
To solve the flow over the fuselage, a wedge out of a 360° cylinder with an arbitrary angle of 20° is modelled
with its axis of rotation aligned with the symmetry axis of the fuselage. Figure 5.1 (b) shows the contour of the
domain. The inlet is 1.5L fyse1qge upstream of the fuselage nose and the outlet is 2.5L fy5014ge downstream
of the fuselage tail. The radius of the slipstream is 1% times the radius of the fuselage to capture most of the
shear layer of the fuselage wake. The boundary of the domain is eight propeller radii from the fuselage center
line. It is assumed that the flow at the fuselage is not influenced by the finite size of the domain.

The boundary conditions are also indicated in figure 5.1 (b). The upper face of the wedge is a symmetry
boundary condition. The outlet face of the wedge has a pressure boundary condition equal to the ambient
pressure as the influence of the fuselage on the pressure far down stream is assumed to be negligible. The
inlet is a pressure inlet condition with a gage value equal p, to the dynamic pressure of the free stream flow.

As discussed in section 4.2.1, inlet quantities of Tu and v7/v are important. Recommended values for
the x — w SST model are Tu = 0.1% and % =2-10""Rey, in which Re; is the Reynolds number based on the
length of the geometry of interest. These recommended values have been used in the fuselage simulations
and correspond to the values of the N250 propeller. The boundary conditions are summarised in table 5.2.

5.2.3. MESH SETUP AND MESH INDEPENDENCE STUDY
To determine the effect of the mesh size in the different volumes on the flow at the location of a propeller and
the drag of the fuselage, a mesh independence study is conducted. As Fluent is an element-based solver, the
number of elements is an indicator of the accuracy. The definitions of the mesh types (coarse to extra fine)
for each volume are given in table 5.3. The different combinations of the sub meshes which are considered
are provided in table 5.4.

The domain is divided into three volumes to allow for grid refinement: an outer domain, a refinement
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Table 5.2: Boundary Conditions for the isolated fuselage simulation to obtain an inflow profile for the isolated propeller simulation

Face Type of Boundary Condition Value

Inlet Face Pressure inlet w.r.t pg pt,0 =3001.25[Pal
Ty =293.519(K]
T =291.081[K]
Tu=0.01%
L=2[-]

Outlet Face Pressure w.r.t. pg 0[Pal]

Side faces (2x)  Periodic Boundary Condition -

Top face Symmetry Boundary Condition -

Fuselage No Slip Wall (symmetry condition) -

box and a slipstream box. The refinement box close to the fuselage has a finer mesh than the outer domain
as higher velocities and gradients are expected in that region. The slipstream box has a finer mesh than the
refinement box to capture the wake of the fuselage.

First the volume mesh is generated in which the outer domain, refinement box and slipstream box are
meshed as 'fine’. With this mesh the first layer thickness on the fuselage surface is iteratively determined
based on the requirement of an acceptable y+ value for the x — w SST model. A range of 2.4 < y* < 30.7
is used. The number of prism shaped elements in the inflation layer on the fuselage surface is iteratively
determined by capturing most of the boundary layer in which the eddy viscosity is the quantity to visualise
the boundary layer. A first layer thickness of 3e™ [m] and 20 inflation layer are used with a growth rate of
1.25.

Both the profile drag of the fuselage and the flow at the aft fuselage are compared for mesh 1 to mesh 5.
Figure 5.2 shows at the location of the propeller the V,/V, velocity and p;/p; distributions. A small effect
of the mesh size on the velocity and total pressure distributions can be observed but the general trend is that
the distributions become smoother with increasing mesh size. The distributions from mesh 4 and mesh 5 are
almost on top of each other, which means that the benefit of a finer refinement box is limited. Meshes 1 to 3
show a few irregularities which disappear with increasing mesh size. The profile drag of the isolated fuselage
for each mesh is listed in table 5.4 with a drag coefficient defined as:

Dfuselage

Cd,fuselage = (5.1)

%P Vozosfuseluge

The value of Sfyseiage is determined using Chappell [91]. The table shows that the value converges to-
wards a value of just over 74 [N] and is under predicted with approximately 8% compared with the value from
Chappell [91] and shows a reasonable prediction by CFD. The offset with the reference value could be due to
several reasons. The method is an empirical method and showed for a few comparisons with experimental
data performed by Chappell [91] deviations of approximately 5%. The method is not able to capture local
effects on the boundary layer shape for example and the value should be considered as an indication only.
The predictions of the CFD simulation is highly dependent on the turbulence model, as shown in table 5.5.
Based on the convergence of the drag and the distributions on the aft fuselage, mesh 4 is chosen.

5.3. SOME RESULTS

In this section some relevant results from the isolated fuselage simulation are presented. Figure 5.2 shows
the total pressure distribution at the propeller plane. When the radius is set as the boundary at which the
total pressure is 99% of the free stream total pressure, one gets a radius of 0.2404 meter. This value is used
in the remainder of this report. It is clearly shown in figure 5.2 that the edge of the boundary layer does not
correspond to the location at which the edge is close to the free stream velocity. Instead of the axial velocity,
the total pressure as fraction of the free stream (gage) total pressure is a good indicator for the thickness of
the boundary layer as the aft fuselage curvature does induce a velocity on the edge of the boundary layer and
there is a radial flow component. In figure 5.2 (c) the normalised p; value through the boundary layer of the
viscous simulation is compared with the result of a fully inviscid simulation. Outside the boundary layer, a
small off-set of the p; can be noticed which is a direct result of the displacement thickness of the boundary
layer. This off-set stays rather constant from outside the boundary layer towards y/R—0.8. From that location
on, the effect of the plane of interest not being perpendicular to the surface arises. The static pressure of a flat
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Table 5.3: Definition of sub-meshes used in the grid convergence study of the isolated fuselage CFD simulation

Volume Mesh Type  Element size [m]
Outer domain Coarse 5.0e—1
Fine 4.0e-1
Refinement box  Coarse 1.0e-1
Fine 8.0e-2
Extra Fine 6.0e—2
Fuselage surface  Coarse 2.0e-2
Fine 1.5e-2
Extra Fine 1.0e-2
Fan surface Fine 1.5e-2
Extra Fine 1.0e-2
Slipstream box Fine 4.0e72
ExtraFine  3.5¢72

Table 5.4: Grid refinement study on the isolated fuselage CFD simulation. The different meshes can be constructed using table 5.3. The
general flow settings are listed in table 5.1. For the drag computation the x —w turbulence model with automatic wall
functions are used. The drag values are for the complete fuselage. The drag coefficient prediction is compared with empirical
data from Chappell [91] and the drag coefficient definition as equation 5.1

Mesh Outer Refinement Fuselage Fan Slipstream  Number Dp NI Cgp- 1073 ] ACq p
domain  box surface surface box of elements ESDU
ESDU - - - - - - - 2.7670 -
Mesh1 Coarse Coarse Coarse Fine Fine 427,899 73.970  2.5548 -7.67 %
Mesh2 Coarse Coarse Fine Fine Fine 533,640 73.761 2.5476 -7.93 %
Mesh3 Fine Fine Fine Extra Fine Fine 637,369 73.818  2.5495 -7.86 %
Mesh 4 Fine Fine Extra Fine  Extra Fine Extra Fine 939,320 74.107 2.5595 -7.50%
Mesh5 Fine Extra Fine Extra Fine Extra Fine Extra Fine 1,171,989 74.022  2.5566 -7.60%

Table 5.5: Effect of turbulence model on isolated fuselage drag computed with mesh 4 (no-slip fuselage and spinner)

Turbulence Model Dp Nl Cq,-1073 -]  ACq, ESDU
Standard x —€ 79.446  2.8613 +3.41 %
K —w SST 74.107  2.5595 -7.50%
Reynolds Stress Model — 72.227  2.4946 -9.84%
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plate boundary layer is approximately constant [92] but on a curved surface this is not necessarily the case.
Especially if the plane of interest is not perpendicular to the surface, which in this situation is the case (figure
5.2 (c)).

Figure 5.2 (d) shows that through the boundary layer the velocity in in radial direction is non-zero because
of the curved aft fuselage. The maximum V; is approximately 9% of the freestream flow. However, the radial
flow component with respect to the axial component in the boundary layer is approaching V,/V, = 0.25
towards the fuselage surface. This indicates a significant radial flow component.
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Figure 5.2: Comparison of the distributions of p; in (a) and Vj in (b) at the propeller location for different mesh configurations. In (c)
the pressure at the plane of the propeller is shown for a viscous simulation and an inviscid simulation, indicating which part
of the induced pressure is a potential flow effect. In (d) the absolute and relative radial flow component at the plane of the
propeller. As radius for (c) and (d), R = dgg is taken.

5.4. APPROXIMATION OF UPSTREAM EFFECTS PROPELLER
Both the inflow of the propeller and the thrust requirement change by the presence of the propeller as dis-
cussed in section 2.3. This section provides an approximation of these upstream effects.

The upstream effect can be quantified by a simplified Actuator Disk (AD) model of a propeller in the CFD
setup discussed in the previous sections to determine the required Tspafy,instatieq- A similar approach has
been used in Choi and Kinnas [93] and Barry and Boniface [90] to determine interference effects. The integral
of the forces on the fuselage surface in the flight direction is equal to the total fuselage drag and therefore also
equal to Tspaft,instailea for a force balance. In ANSYS Fluent an AD condition can be imposed on a surface
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in which a jump in pressure and/or a jump in swirl velocity can be specified. This is often referred to as
the ’'fan boundary condition’. Because the propeller geometry and its properties in terms of swirl velocity
and pressure increase are not known yet, these quantities need to be assumed. It is discussed in section 2.2
that the tangential velocity upstream of the propeller is negligible and is therefore assumed to be zero. The
assumption for the pressure jump should be such that the corresponding thrust is equal to the D,;4; and
its profile should represent a propeller operating in the boundary layer of the fuselage. Lv [94] proposes a
pressure-jump profile such that the total pressure defect is recovered by the propeller. This profile may lead
to the lowest required power of the propeller. In Smith [12] it is indicated that the lowest power is obtained
by a 'full recovery’ of the boundary layer, although no mention was made on the total pressure. Betz [11] and
Plas et al. [95] noted that a condition in which all axial velocity is recovered, the thrust is equal to the drag.
For a first order approximation of the upstream effect of the propeller the specified pressure jump is therefore
assumed to be:

Apfan(y) =pro—pe(y) (5.2)

By applying this condition, the total pressure defect in the boundary layer is completely recovered. This con-
dition is implemented in the Fluent simulation by making use of a User Defined Function (UDF), developed
by the author, which describes the boundary condition at the fan surface by taking the free stream value p
and subtracting the local p;(y) one cell upstream of the fan surface. The value of p;(y) is determined using
the isentropic relation for the pressure.

At the fuselage surface the physical limitation of producing a pressure jump exists as the velocity parallel
to the surface is 0 and at the surface no pressure jump can be achieved. Therefore the a small region of the
fuselage upstream and downstream of the fan is modelled as a slip wall as depicted in figure 5.3 (a) and is
referred to as the spinner of the fan. In the three-dimensional blade this part of the fuselage is the spinner
and is also modelled as a slip wall. Figure 5.3 (a) shows the effect on the inflow with a non-slip spinner surface
and a slip spinner surface. The figure shows a negligible effect on both the inflow and hence this assumption
will not have a significant impact on the results.

The fan boundary condition approach has a number of assumptions:

* The pressure profile of the fan has the largest Ap at the root. The optimised propeller does not nec-
essarily produce this Ap as the Qr in the root region is small and the potential pressure jump may be
expected to be moderate. Therefore this assumption might lead to an over prediction the ADgy;;, +
ADpressure as the pressure effect close to the fuselage is expected to be dominant.

* The pressure jump influences the complete boundary layer in circumferential direction. The actual
propeller and its associated pressure on the suction side will produce a local effect on the fuselage, as
shown in the CFD simulation on the N250 propeller (figure 4.7). Therefore the circumferential pressure
jump does not necessarily represent the actual effect of propeller installation as a non-linear relation
may be present between the pressure jump and the fuselage drag.

* The swirl velocity is assumed to be zero.

Figure 5.3 (b) shows the p;/ p; distribution with and without a slip wall condition on the spinner. Down-
stream of the fan (see figure 5.3 (a) for the definition) the p; is almost constant and has the same value as the
gage value p; o, except in the very near wall region, where the wall functions of the turbulence model could
influence the results. Figure 5.3 (c) shows the pressure just upstream and downstream of the AD. It is shown
that the total pressure behind the AD is the freestream value. The figure also indicates that upstream of the
fan the total pressure defect close to the fuselage surface is larger with the fan BC indicating an increased skin
friction upstream of the propeller. The thickness of the boundary layer is not significantly changed by the
fan. The integrated Ap; over an area from the hub to the edge of the boundary layer is in this particular case
82.47 N and the total profile drag on the fuselage is 82.29 N which approximately is states an equilibrium con-
dition. The edge in this particular calculation is assumed to be the radial location at which the p; = 0.999p.
The individual and total drag forces on the spinner and fuselage are listed in table 5.6. The table shows a
quite significant contribution of the skin friction to the total drag, which may be expected for a non-lifting
surface. The skin friction is only slightly increased in the AD simulation which is a result of the higher ve-
locities upstream of the AD. The major contributor to the drag increase is the pressure drag on the fuselage
surface. On the spinner surface the force is almost the same in both simulations. A visualisation of the pres-
sure distribution on the fuselage surface is shown in figure 5.3 (f). The lower pressure from approximately

I _xl s 0.90...0.95 is the cause of additional drag.




52 5. CFD SIMULATION OF A REFERENCE NON-UNIFORM INFLOW

Table 5.6: Comparison of Dy se1qge and Dgpinner from a CFD simulation using an isolated fuselage and an Actuator Disk.

Method Type of drag Dspinner INI  Dryselage = Dspinner INl  Dryselage [N
CFED (isolated fuselage)  Dggip, + Dpressure  -7.59 81.69 74.10

Dgskin 0.00 67.76 67.76
CFD (actuator disk) Dgkin+Dpressure  -7.44 89.64 82.29

Dskin 0.00 67.83 67.83

To estimate the additional interference drag due to a higher thrust setting than a force balance, the same
approach is used as described above with a larger pressure jump than the defect in total pressure: Apq, (y) =
[pro— p:(M1f. In this relation f is the fraction of additional thrust, i.e. 1.10 for a 10% higher thrust setting.
This distribution assumes that the additional thrust distribution is proportional to the radial loading. A thrust
to drag ratio of 1.50 did not lead to a converged solution of the CFD simulation, likely due to the very large
pressure jump close to the fuselage surface. Thrust to D;ys;a11¢4 Tatios up to approximately 1.35 lead to a
converged solution. It should be stressed that the D;;,s;q1104 1S assumed to be constant in these simulations
as in reality the drag is increased leading to a lower net force. Some values of the additional interference drag
are listed in table 5.7. It may be observed that the increase in fuselage drag is significantly smaller than the
additional thrust. There is no difference in additional interference drag between 25% and 35% excess thrust.
Figure 5.3 (e) shows the C,, distribution along the aft fuselage for the different thrust settings. It is shown that
the shape of C, remains approximately the same for the larger pressure jumps and there is only a marginal
deviation from the f = 1.00 situation in the region m =0.90...0.95.

Table 5.7: Effect of an additional thrust requirement on the total fuselage drag modelled with an Actuator Disk in a similar approach as
section 5.4 describes. The additional pressure jump is taken proportional to the total pressure defect.

T Dfuselage
D Dfuselage,T:D
1.00 1.000

1.25 1.015

135 1.015

Figure 5.3 (d) shows the distribution of Tu for with different reference velocities. The figure shows that
especially close to the root the turbulence intensity is high and transition can be expected very close to the
leading edge. It is shown that the turbulence intensity is reduced when the fan is installed. This is primarily
the result of the higher axial velocity induced by the fan which reduces the relative fluctuations.

A number of marine propeller design studies (e.g. [93, 96]) and aircraft propeller design studies (e.g. [24])
have use the concept of an ’effective wake. The effective wake is the corrected inflow which models the
interaction between the propeller and nominal (or uninstalled) inflow by taking the uninstalled inflow and
subtract the induced velocity by the propeller. This method indicates that the propeller not only changes the
boundary layer by the induced velocities but there can be an additional effect which deforms the boundary
layer. In e.g. Choi and Kinnas [93] the effective wake is computed with an AD and good agreement with
experiments was found. A similar method can be used in this setup. Figure 5.3 (f) shows the velocity pro-
files upstream and downstream with and without the AD. In addition the estimated induced velocities based
on the Ap(r) are calculated using momentum theory [28]. The figure shows that downstream of the AD the
induced velocities are slightly different than these predicted values. Therefore the effective wake is the unin-
stalled velocity profile corrected for this small deviation, as shown in the figure. The effective wake has a
slightly higher axial velocity than the uninstalled case. The deformation of the velocity profile may therefore
be considered as a secondary effect. For design purposes, the uninstalled velocity profile is used instead of
the effective wake. The effective wake is only used for comparison purposes explain differences in the com-
putational fluid dynamics simulation of the actual designed blade.
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Figure 5.3: The effect of a non-slip wall boundary condition at the aft-fuselage and a slip wall boundary condition in (a). The effect of a
fan boundary condition on the total pressure (b) and the velocity profile (c) just upstream of the propeller location. The
propeller is modelled by a pressure jump equal to the defect in total pressure. The pressure values are gage pressures. In (d)
the effect of the fan on the Cp, distribution. The effect on the turbulence intensity is shown in (e) and the effective wake is
shown in (f).






OPTIMISATION RESULTS

This chapter describes the optimisation results of the non-uniform inflow propeller subject to the reference
inflow described in the previous chapter. The results are compared with a propeller with uniform inflow. As
both uniform inflow and non-uniform inflow have a design thrust equal to the fuselage drag, they have dif-
ferent design thrusts. First the case discussed in section 2.1 in which the effect of a reduced uniform inflow of
Voo on the propeller performance is investigated in more detail in section 6.1. Those optimisations have close
relation with the remaining optimisations in this chapter. The design condition is summarised in section 6.2.
Section 6.3 then describes the results obtained for non-uniform inflow. Some additional results related to
design variables such as the number of blades, thrust requirement and radius are compared for uniform and
non-uniform inflow in section 6.5.

6.1. EFFECT OF UNIFORM V,, ON REQUIRED POWER

In section 2.1 it was shown that for a given thrust, propeller diameter and p the power reduces with reducing
Voo based on the momentum and kinetic energy relations. These curves do not include effects as profile drag,
swirl and the effect of a finite number of blades which limits the loading at in the tip region by tip loss effects.
An interesting question is whether optimised propellers follow the same trend as predicted by the momentum
and kinetic energy relations.

A series of optimisations are performed to compare with the curves plotted in section 2.1 with the same
boundary conditions:

* The design thurst T is kept constant with T = Djp1qreq = 74.20 [N].

A NACAO0006 airfoil is used.

* The radius R = 0.2404 [m] and hub radius Ry, = 0.0530 [m] are taken as the radii of the propeller of
interest.

* Standard atmospheric conditions are used.

* A constant J = 1.50 is used.

Figure 6.1 (a) shows the required power for a number of optimised propellers at different design V. Each
data point represents an individually designed propeller. The same trend is followed as the predicted perfor-
mance by the momentum theory and all optimal designs require a slightly higher power than the simple mo-
mentum theory predicts, which is expected as losses due to tangential velocities and profile drag are induced.
The momentum theory provides the lower limit on the P — V, curve. As expected, the induced velocities are
increasing with reducing advance ratio as shown in figure 6.1 (c). Figure 6.1 (a) shows that the optimal designs
lie approximately on a linear trend, but this trend has a higher slope compared with the simple momentum
theory. A possible way to explain this different slope is by looking at the relative distributions of the axial and
tangential trailing edge vorticity as discussed in section 2.2. The ratio of 7{/—? is shown in figure 6.1 (c). For the
higher freestream velocities, the axial vorticity y, relative to the tangential vorticity y; is significantly higher.
Therefore the vorticity inducing a swirl is relatively high for high V.

55
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Figure 6.1: The effect of Vi, on the power (a), efficiency (b), axial induced velocity (c) and axial to tangential vorticity ratio in (d) for
uniform inflow propellers. Each data point and distribution corresponds to a unique design. The power and efficiency are
compared with momentum theory.

6.2. DESCRIPTION OF DESIGN CONDITION

To make the comparison between the two propellers, the following quantities are kept the same for both
optimisations:

* The radius R = d99 and Ry, = 0.0530 [m] for both cases. The 699 is determined by the total pressure
profile in the boundary layer at the plane of the propeller. This condition is set for the design condition
as it is expected that a reduced velocity leads to a good thrust to power ratio and all relatively low ve-
locity is 'used’ to produce thrust. A finite hub radius of approximately 0.20R is a reasonable value for
uniform inflow propellers and shows a feasible position at the aft fuselage as discussed in section 5.1.

* The advance ratio J = 1.50 for both cases. The reason for keeping the advance ratio, i.e. in this case
the Q, equal is that the previous section showed that in general a higher tip speed leads to a lower
power for the same thrust. Tip speeds also limit the operational use due to noise production [30] and
drag divergence. This means that both propellers have the same limit in terms of tip Mach number.
The actual axial speed in the non-uniform inflow case is 0.98V, due to the induced velocity of the
fuselage and a tip advance ratio may be used to correct for this small effect. However, the Q is not
corrected to have exactly the same helical tip Mach number. A particular value of J = 1.50 is chosen as
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Figure 6.2: Optimised geometry of the non-uniform inflow propeller

it represents a reasonable helical tip Mach number of approximately 0.50, in which the Prandtl-Glauert

compressibility correction is still reasonably accurate. A further analysis of the effect of J is provided in
section 6.5.

* The number of blades B = 4. This will lead to a higher loading per blade in the non-uniform inflow case.
By keeping the number of blades equal, the effect of this higher thrust requirement can be observed in
the distributions. The effect of the number of blades on the propeller performance is discussed in
section 6.5.

6.3. DISCUSSION OF RESULTS

This section discusses the optimisation results for the Non-Uniform Inflow (NUI) propeller compared with
the optimised propeller for uniform flow. Table 6.1 shows the required power for the optimised propeller in
uniform flow and the NUI propeler. A power benefit of 6.93% is predicted by N-XROTOR. To put this value in
perspective, if the estimated interference drag of 11% (section 5.4) would have been zero, the estimated power
benefit could have been in the order of 18% when a linear relation between power and thrust is assumed.
However, a benefit of almost 7% shows a considerable advantage of placing the propeller in the non-uniform
and reduced velocity field. The geometries of the optimised propellers are shown in figure 6.2. The chord
distribution is such that there is a significant increase of % in the root region with respect to the uniform
inflow design. The corresponding airfoil is a NACA 5309 which is a highly cambered airfoil and is relatively
thick and this allows for a high maximum lift coefficient. The benefit of camber, which is a C4 at a non-zero
Cy, is clearly utilised.

Table 6.1: Results of optimised propellers for uniform and non-uniform inflow with B =4, J;, = 1.50, Voo = 70[m/s] and R = 699

Inflow Power [watt]  Benefit [%]
Uniform inflow 5986 -
Non-uniform inflow 5567 6.93
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Some relevant radial distributions are shown in figures 6.3 (a) through (f). In (a) the distributions of I'p
are shown and the ratio of thrust to power is shown in (b). The location of the maximum circulation of the
NUI propeller is shifted inboard compared with the uniform inflow propeller and its magnitude is increased.
The thrust to power ratio % or ddQ—TQ is higher over the majority of the radius and is significantly higher in the
root region compared with the distribution of the uniform inflow. The circulation is increased towards the
hub because in this region the low V,, results in a favourable high thrust to power ratio. This is in line with
the theory discussed in section 2.1. In order to shift the loading towards the root and benefit most from the
high thrust to power ratio, a high lift is required. Because the local velocity is relatively low, a high circulation
is required as the thrust is proportional to pI'Vfr. To accomplish the high circulation towards the root, the
 is relatively large in this region as shown by the geometry. In figures (c) the local efficiency over the blade
is plotted. The local efficiency of the NUI propeller is decreased in the root region, in line with the predicted
trend in section 2.1. The local efficiency distribution for the uniform flow is (nearly) constant, as expected
from optimal flow for uniform inflow. Minor differences may be the result of design freedom, set by e.g. the
number of coefficient as shape function.

The axial and tangential induced velocities with respect to V, are shown in figures 6.3 (d) and (e). As may
be expected from momentum theory, the axial induced velocity of the NUI propeller is higher in absolute
sense to meet the thrust requirement. The distributions are very similar to the I'g distributions. The tangen-
tial induced velocity shows a maximum very close to the hub. This can be explained by a relatively large ddLrB
which leads to a region of increased vorticity which induces a tangential velocity. It may be observed that
1{2[: is in favour of the NUI propeller in the root region. This is closely related to the direction in
which the vorticity is shed, which is visualised in figure 6.3 (f). The ratio y—‘: shows to be relatively constant
for the NUI propeller and shows a great rise for the uniform inflow propeller in the root region. This means
quite a large axial vorticity is present (leading to tangential velocities) relative to the axially induced velocities
(induced by y).

The beneficial thrust to power ratio of the NUI propeller can also been seen in the thrust and torque
distributions, in figures 6.4 (a) and (b) respectively. The position of largest thrust is shifted in board and
is slightly decreased in magnitude, even though the thrust of the propeller is 11% higher. From the hub to
+ = 0.6 the torque is only slightly higher in the NUI case but the thrust is clearly significantly larger.

Besides the increased fuselage drag caused by the propeller, there is also benefit in positioning the pro-
peller close to the fuselage by looking at the potential flow induced by the fuselage. The fuselage induces a
radial flow component which reduces the axial flow component at the propeller location. In the tip region of
the NUI propeller the % is slightly higher than the uniform propeller shows. This is because the velocity at
the edge of the boundary layer is not equal to V,, but is slightly lower, as sketched in figure 6.5.

The airfoil of the NUI propeller is relatively thick compared with the airfoil of the uniform inflow propeller.
The lift coefficient distribution is shown in figure 6.4 (c). The figure shows a relatively high lift coefficient
for the NUI propeller. To obtain the high circulation in the root region, the quantity C;c should be high.
When a high C; is desired by the optimiser, the airfoil should allow for this value. The constraint of C; <
Cl,nonlinear results in a relatively thick airfoil, which have the property of high C; ,,on1ineqr- The lift to drag
ratio of the designed airfoil at the location of the highest circulation (% = 0.52) is shown in figure 6.4 (d) and

the lift coefficient at that radial location is indicated. The figure shows a favourable % at relatively high

lift coefficients and the designed blade has a C; close to the highest lift to drag ratio and is limited by the
constraint on C;. In general, it is desired that all airfoil sections operate at their optimum lift to drag ratio
[97]. The figure shows that this is not the case at = 0.52. This may be explained by a number of effects. First
the highest C; along the blade is slightly higher than the value at the highest circulation. In addition, profile
drag is only a minor contributor to the total torque. Hence the optimal solution is much more sensitive to the
C, distribution along the blade than the C,; distribution. The optimiser tries to find a reasonably good airfoil
which has a good g—;, but it is likely that any changes to the airfoil geometry do lead to a better % value along
the blade but is not recognised by the gradient based optimiser. Also, when the changes are finite but small,
rounding off errors in e.g. XROTOR and XFOIL can lead to no changes in the gradient of the airfoil properties
to the design vector. In addition, it may be suggested that multiple airfoils are used instead of one airfoil such
that the distribution of a non constant C; results in a better % distribution.

the ratio of
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distributions of lift coefficient distribution in shown in (c). The lift to drag ratio of the airfoil at % =0.52 is shown in (d) with

the lift coefficient at that position indicated.

Vatp, =0.99p,,

Figure 6.5: Effect of the radial flow on the axial flow at the edge of the boundary layer. The radial flow component at the edge of the
boundary layer causes the axial flow to be lower than the free stream flow.
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6.4. PERFORMANCE GRAPHS

The performance of the propeller in off-design condition is considered in this section. By varying J for the
same propeller design a performance map can be created for both the uniform and non-uniform inflow pro-
pellers. These curves indicate the sensitivity to off design conditions. A variation in Q is chosen as parameter
to vary J.

Figures 6.6 (a) and (b) show the performance maps. The general observation is that both designs have a
large range of advance ratios in which the thrust coefficient is linear. The slope of the Cr curve is higher for
the uniform inflow propeller. Generally this can be considered as a higher lift curve slope when the rotational
speed is varied. The uniform inflow propeller experiences a higher Mach number on average over the blade.
When the Mach number is increased due to increasing Q, the compressibility correction leads to a relatively
high lift curve slope for the uniform inflow case. This is because C; 4 is not linear with Mach number. The
non-uniform inflow propeller also increases its lift curve slope, however at a lower rate than the uniform
inflow propeller. The Cp curve is strongly linked to the Cr curve and therefore shows a diverting curve due to
this effect.

The thrust to power curve shown in figure 6.6 (c) shows that the uniform inflow propeller is designed close
to the highest value of %. The non-uniform inflow propeller shows an offset which is approximately constant
for J = 1.50. For higher advance ratios, the thrust to power ratio increases which is increasing the offset.

In figure 6.6 (d) the quantity Cch] is plotted. For the uniform inflow propeller this is generally the same as
the propulsive efficiency. For the non-uniform inflow propeller, this definition leads to values above unity,
as shown in the figure. This figure shows that the definition yields to unrealistic values as the propeller does
work on the local flow and not on the free stream flow.

6.5. ADDITIONAL OPTIMISATION RESULTS

This section provides additional optimisation results to provide insight in the effects of an additional thrust
requirement, the number of blade, tip advance ratio and propeller radius on the required power. The results
include optimisation results for both uniform and non-uniform inflow propeller designs. It is noted that each
of the data points represent a unique propeller design. For each parameter the most prominent and relevant
distributions are shown to explain the phenomena.

6.5.1. DESIGN WITH EQUIVALENT VELOCITY
An interesting case is to compare the distributions and when the non uniform inflow is converted to a uni-
form inflow profile with equal mass flow. This comparison provides insight in the benefit of the shape of the
boundary layer inflow, in addition to the reduced inflow field.

With the density assumed to be constant, the equivalent velocity is:

2 R
Vequivalent = —f Va(r)dr (6.1)
I R? _Riuh Rpup

In table 6.2 it is shown that a propeller designed for uniform flow and with the free stream flow equal to
the equivalent velocity results in a reduction in power of 3.87% compared with the propeller designed for V.
This means that the non-uniformity of the inflow is beneficial for the propeller. It is expected that this benefit
comes from the direction of the vortex sheets which are more constant along the blade (section 2). Figure 6.7
shows the distributions of thrust to power for these three conditions.

Table 6.2: Effect on the power by designing a propeller with a uniform inflow which has the same mass flow as the non-uniform profile

of the boundary layer.
Design condition Benefit w.r.t. uniform inflow
Non-uniform 6.93 %

Uniform with Vegyipaten: 387 %

6.5.2. EFFECT OF ADDITIONAL THRUST

In addition to the fuselage more drag producing components are fitted to the fuselage such as wings and
tail planes. Therefore an interesting case is to compare the required power for the uniform and non uniform
inflow propellers when they are designed for a higher thrust than the drag of the fuselage.
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Figure 6.6: Performance curves of the designed uniform and non-uniform inflow propellers. A varying advance ratio is obtained by
varying Q.

For this case all operating conditions are equal to the reference cases in section 6.2. The uniform inflow
propeller is designed at 1.25- Ty and 1.50- T} ¢ in which Ty, r = Djso14re4- The non uniform inflow propeller
is designed for with a thrust requirement of 1.25- T;.r and 1.50 - T} in which Tyer = Djsorared + ADskin +
ADpressure- This means that the T, is constant, independent of the thrust setting and it is assumed that
the additional thrust does not induce an additional AD;;, + ADpressure. A more realistic case is to include
the additional interference drag which comes from the additional thrust. The small increase in interference
drag means that at higher thrust settings the benefit of the installed non-uniform inflow is slightly decreased.
Section 5.4 shows that this effects is small.

The results of individually designed propellers are shown in figure 6.8 (a), in which the ratio of power
required to the power required of the uniform inflow case at Trer = Djsolarea i plotted. A linear increase
in power with a higher thrust requirement is shown for the uniform inflow propeller and the NUI propeller
(without taking into account the increased interference drag). Because these two trends are linear it is shown
that there is a constant and absolute benefit in terms of power possible using the NUI propeller when the
interference drag is kept the same. The uniform inflow case shows an increase in bound circulation with
a higher thrust requirement as shown in figure 6.8 (b). The shape of the distribution is almost not altered,
meaning that there are no limitations in terms of stall or induced velocities restricting this distribution. For
the non uniform inflow approximately the same is the case, except the Tif = 1.25 shows a relatively large

circulation in the root region which has about the same magnitude as the TLf = 1.50 case. This may indicate
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Figure 6.8: Effect of the a different design thrust on the required power in (a) where each data point represents an optimised design. The
reference thrust is equal to the force balance situation. In (b) the effect on the circulation distributions is shown.

that the T—Tf = 1.50 experiences slight limitations in the root region in terms of stall characteristics, in which
re
it is difficult to obtain a very high lift coefficient in order to get a high circulation.

6.5.3. EFFECT OF NUMBER OF BLADES

Apart from considerations such as noise and structural properties of the blade, the number of blades directly
dictates the thrust per blade. The relation between the number of blades and the power is an interesting case,
as on the one hand a low number of blades may lead to lower profile losses due to a reduced skin friction
but both the induced losses and pressure drag may increase. As noted in section 3.1, the number of blades is
equal to the number of vortex sheets that trail from the lifting line. Around the edge of a vortex sheet the flow
tends to flow around the edge causing a radial flow component and making the blade tip less effective [10].
This effect is reduced with a higher number of blades at for the same thrust setting.

Figure 6.9 (a) shows the required power of an optimised NUI propeller for several values of B. It can
be seen that B = 4 is the optimal amount of blades (although B = 3 and B = 5 are not considered) for both
uniform and non-uniform inflow, which is equal to the design condition. The reference case of section 6.2
also has four blades. To obtain a required total thrust, a method is to reduce the chord length. In terms of
design properties, the most apparent change in geometry is a reduced 5 with increasing blades. The lift to
drag ratio is dependent of airfoil geometry but may not differ significantly between designs.
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Figure 6.9: Effect of the number of blades B on the required power in (a) where each data point represents an optimised design.

The figure shows that the uniform inflow propeller has a trend of a higher circulation shifted towards the
tip with increasing number of blades, which is in line with the theory of a lower tip loss with more blades
[10]. A higher number of blades also leads to a larger effect of each blade onto the other blades in terms of
circulation and induced velocities. The same trend of shifting the circulation towards the tip is followed in
both the uniform and non-uniform inflow cases.

A low number of blade for a given thrust requires a relatively large C;c. This leads to relatively high in-
duced velocities. A very large number of blades for a moderate thrust leads to excessive profile drag due to
the number of blades. It can be seen that in this particular case B = 4 is a good balance as in both uniform
and non-uniform optimal designs this is the number of blades with the lowest required power.

6.5.4. EFFECT OF ADVANCE RATIO

As discussed in section 6.2, the design condition of both uniform and non-uniform inflow is equal J = Z% and
is set to 1.50. Assuming the axial velocity at the tip of the non-uniform inflow is V,,, Q is constant between
the conditions.

The trend of power as function of J;;;, for three tip advance ratios is shown in figure 6.10 (a). This figure
shows a decreasing required power with decreasing J;;p (or increasing Q). A similar behaviour is shown for
uniform inflow propellers in section 6.1. The trend shows that the design condition at J = 1.50 is not an
optimum. The thrust to power ratio in figure 6.10 (b) shows no clear trend over the complete blade. In the
region % = 0.40..0.80 the trend is a higher % with lower J. In the root and tip regions this trend is not followed
for the advance ratios considered. There is no clear identification of why there is no distinct trend in these
regions.

6.5.5. EFFECT OF TIP RADIUS

For all previous results the radius was taken as dg9. It was shown that the non-uniform inflow propeller has
a much better thrust to power ratio in the inner radii. Therefore it is of interest to design the propellers at
different radii as well to analyse the effect of this constraint. The Q is adjusted to maintain the same J.

In figure 6.11 (a) is shown that both a smaller radius and a larger radius than dgg lead to a lower required
power of the non-uniform inflow propeller. A smaller radius leads to a lower axial inflow velocity along the
blade hence the tip region with a low thrust to power ratio is not used to produce a thrust. Larger radii have
the benefit of a large disk area which requires a smaller induced velocity to meet the thrust requirement. For
uniform inflow propellers generally a lower power is required for the same thrust. A similar behaviour is seen
for the non-uniform inflow propeller as the required power is slightly reduced. This is shown as a slightly
higher % ratio along the blade with a R = 1.105¢g (figure 6.11). The smaller radius yields a higher % in the
tip region compared with R = dg9. The circulation distribution (shown in figure 6.11 (c)) shows that both a
larger and smaller R yield a higher circulation in the root region. This may be explained by two effects. The
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Figure 6.10: Effect of the tip advance ratio J;;p = :%’ on the required power in (a) where each data point represents an optimised
design. In (b) the effect on the thrust to power ratio along the blade

smaller radius requires a larger loading as the thrust requirement should still be met. This results in a higher
circulation. The larger radius experiences a lower Q and, to maintain the thrust, the circulation should be
increased in a region with a favourable %.



6. OPTIMISATION RESULTS

66
1.001
0.030 [
—R/3,,=0.90
~__R/S,.=1.00
0.025 99
N (I R/8,,=1.10
. 0.95F
X 0.020
= /\ & 0015
[ 5 U
% o090} !
0.010 !
0.005 -
0.85 ; ; ;
0.000 ; ; ; ; ‘
08 09 R1/50 11 0.05 0.10 0.15 0.20 0.25 0.30
99 Rm]
(a) (b)
25
——RI3, =0.90
- - -RI3, =1.00
200 RIg, = 1.10

I [m?s]

0.éO
R [m]

(c)

0.25 0.30

Figure 6.11: Effect of the propeller radius on the required power in (a) where each data point represents an optimised design. In (b) the
effect on the thrust to power ratio along the blade and in (c) the effect on the bound circulation.



CFD ANALYSIS OF OPTIMISED PROPELLER

This chapter describes the Computational Fluid Dynamics (CFD) analysis of the optimised propeller installed
at the aft fuselage. The purpose of these simulations is threefold; first the capability of N-XROTOR for non-
uniform inflow in terms of performance quantities and the prediction of the radial distributions can be anal-
ysed. Additionally a more detailed flow field around the non-uniform inflow (NUI) propeller is constructed
and finally the estimated fuselage-propeller interaction from the actuator disk model can be compared with
the full fuselage-propeller CFD model. Where possible, the computational settings are the same as for the
N250 CFD simulation.

7.1. COMPUTATIONAL SETUP

The computational settings for the propeller-fuselage simulation are in line with the previous CFD analysis
on the N250 propeller and the fuselage simulation in section 4.2 and Chapter 5 respectively. In section 4.3.4
the Multiple Reference Frame (MRF) method has shown under predictions of the performance quantities of
approximately 1% compared with the time consuming transient sliding mesh approach. Therefore the MRF
method is used for the fuselage-propeller simulations.

The four bladed propeller allows for a domain consisting of a 90° wedge using periodic boundary condi-
tions as shown in figure 7.1 and the domain size is equal to the isolated fuselage simulation. The domain of
the fuselage simulation is slightly altered by implementing a rotating domain with a refined mesh. The pro-
peller geometry as modelled in N-XROTOR does not have a physical connection to the hub as it is modelled
as a lifting line instead of a three dimensional geometry. To make the propeller geometry fit the aft fuselage,
the CAD model of the propeller is slightly changed with respect to the geometry modelled in N-XROTOR. This
modification is shown in figure 7.1 as a small added surface in the trailing edge region and a small removed
surface from the leading edge region. Note that the spinner surface is modelled as a slip wall to allow for the
finite velocity at the hub, which is in line with the analysis in N-XROTOR.

The standard x —w SST turbulence model and the x —w SST with a low Reynolds number correction are
considered as turbulence models. The low Re version is also used because the Reynolds number close to
the propeller hub is relatively low (of the order 10°) and a larger influence of using this correction may be
expected than in the N250 simulation. The boundary conditions are equal to the values listed in table 5.2 in
Chapter 5.

The mesh close to the propeller surface is slightly altered with respect to the N250 propeller. The mini-
mum element size on the trailing edge surface is different. This is taken as the smallest trailing edge thickness
of the propeller blade. The leading edge and propeller surface refinements are chosen to obtain a reasonable
mesh throughout the propeller surface. It is checked that the value of y* is in an appropriate range over the
blade (4 to 30). Initially an inflation layer consisting of eight layers was used in the CFD model but it lead to a
boundary layer which was partially outside the refined inflation layer. However, this number is increased to
twelve as the boundary layer in some regions on the propeller blade. The value of twelve was selected based
on a two-dimensional airfoil CFD simulation at /R = 0.52 (further elaborated in section 7.2.2) in which the
boundary layer is captured within the twelve cells. This simulation showed a smoother C; — & curve at high
lift coefficients and lower drag coefficients using the increased inflation layer. The mesh settings are provided
in table 7.1.

67
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Table 7.1: Mesh of the installed non-uniform inflow propeller.

Region Property Value
Inflation layer Number of layers 12

Growth rate 1.20

First layer thickness 8.0-107° [m]
Rotating domain Minimum element size  7.5-1073 [m]

Slipstream domain ~ Minimum element size ~ 7.5-1073 [m]
Refinement domain ~ Minimum element size ~ 1.0-1071 [m]

Outer domain Minimum element size 2.0-107! [m]

Leading edge Minimum element size  1.5-107% [m]

Trailing edge Minimum element size ~ 4.0-107° [m]

Propeller surface Minimum element size 7.0-10"% [m]
90°

periodic boundaries

(front view propeller root)

symmetry

pressure outlet

- 7 rotating domain
e "
A‘ \ ‘;) A\ ' difference N-XROTOR

pressure inlet

geometry and CFD CAD:

removed surface
B added surface

slip-wall (spinner only)

Figure 7.1: Left: the domain of the fuselage-propeller simulation with the boundary conditions indicated. R is referred to as the
propeller radius and L as the fuselage length. Right: the modification of the geometry modelled in N-XROTOR to fit the aft
fuselage shape in the CFD simulation.

7.2. COMPARISON WITH N-XROTOR

In this section the CFD results are compared with the results from N-XROTOR and deviations between the
results are addressed. The comparison between the simulations indicates how well the simplified analysis
tool can be used for design of the non-uniform inflow propeller.

Some radial distributions are shown in section 7.2.1. A number of possible causes for deviations are ad-
dressed in the subsequent sections. The effect of airfoil properties on the propeller performance is discussed
in section 7.2.2. Radial flow on the blade is discussed in section 7.2.3. Special attention is paid on the flow in
the outboard and root regions in sections 7.2.4 and 7.2.5 respectively.

7.2.1. RADIAL DISTRIBUTIONS

The performance quantities are compared in table 7.2. The table shows an over prediction of thrust coeffi-
cient of 4.15% by N-XROTOR and an over prediction in power of 4.71% using the standard x — w SST model,
which are in the same range as the deviations observed in the N250 simulation. The distributions of Cr and
Cp are shown in figure 7.2 and a relatively good correspondence is observed between the two methods. The
location of maximum thrust is well predicted by N-XROTOR. In the regions of higher thrust, the lifting line
code slightly over predicts the thrust. Near the root and in the outboard radii there are some larger devia-
tions. An interesting comparison is the distribution of thrust to power ddQ—TQ, shown in figure 7.2 (c). The trend
of a higher thrust to power ratio in the low axial velocity region is followed except for the outer radii and root
region. By looking at the performance quantities and radial distributions, the first observation is that there
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Table 7.2: Comparison of Cy and Cp from CFD with the predictions of N-XROTOR

Method Cr[-] Deviation Cp[-] Deviation
CFD (MRF) with standard x —w SST 0.1277 - 0.1889 -

CFD (MRF) with ¥ — w SST with low Re correction 0.1278 +0.08% 0.1900 +0.06%
N-XROTOR using XFOIL airfoil data 0.1330 +4.15% 0.1979 +4.71%
N-XROTOR using CFD airfoil data 0.1287 +0.78% 0.1912 +1.22%

are no significant effects on the performance of the propeller which are not captured by N-XROTOR.

Some deviations between N-XROTOR and CFD may be visible in the section pressure distributions. In
figures 7.3 (a) through (e) the pressure distribution computed with XFOIL and from the full blade CFD sim-
ulation at a number of radial sections is shown. The radial positions are indicated in figure 7.6 (a). The
distribution by XFOIL is computed at the flow conditions and angle of attack calculated in N-XROTOR. The
figures show that the distributions of the CFD model up and till /R = 0.50 have an off set relative to the
XFOIL result. This is due to the induced pressure field by the fuselage. At r/R = 0.50,0.67,0.87 there is no
full pressure recovery on the suction side at the trailing edge, which indicates trailing edge stall. The reduced
lift results in a reduced thrust with respect to the calculated thrust by N-XROTOR. This explains the relatively
large deviation in thrust and torque distributions. Subsequent sections discuss the deviations in more detail,
but phenomena that may cause a reduced suction include:

* The boundary layer thickness is expected to influence the pressure distribution. A faster growth of the
boundary layer in CFD results in a lower curvature as experienced by the potential flow resulting in
lower over speeds on the suction side.

 The lifting line theory neglects the variation of circulation in chordwise direction. For slender propeller
blades up to moderate aspect ratios, the effect of this variation may be small. However, the  in the
root region is relatively large in which a variation of I'p results in a change in « [40, 48].

* The flow field upstream and downstream of the propeller may result in a different angle of attack due
to differences in inflow velocity and induced velocity.

* The mesh in the vicinity of the propeller may not capture the flow accurately.

At r/R = 0.998 the pressure distribution shows a rather unconventional shape. From the leading edge to
approximately 10% of the chord there is a pressure region on the suction side and a suction region on the
pressure side. The CFD results showed a stagnation point on the suction side of the airfoil. However, this
still results in a thrust force as both the CFD and N-XROTOR results show a positive thrust over the complete
blade. The most probable cause for this inefficient use of the tip airfoil is the constraint of one airfoil that is
used for the complete blade. As discussed earlier, the optimisation routine tries to reduce the thrust towards
the tip and with a cambered airfoil this requires a negative angle of attack which results in a stagnation point
in the suction side of the airfoil. When a symmetrical airfoil is used over the complete blade or at the tip, it is
expected that this behaviour is not present.

7.2.2. INFLUENCE OF AIRFOIL DATA AND TURBULENCE MODEL

XFOIL uses a different method in calculation the airfoil properties compared with the CFD calculations and
a deviation between airfoil properties and hence an effect on the thrust and torque distributions may be
expected. To quantify this effect, a comparison is made of the radial distributions of the designed blade using
CFD data of two-dimensional airfoil sections and data from XFOIL. A CFD simulation is performed on the
airfoil at 7/ R = 0.52 using the same grid properties as in the propeller CFD model. This location is chosen as
it represent approximately the location of the highest d T and an average to high C;(r) value (figure 7.2 (f)) as
estimated by N-XROTOR.

The flow quantities for the 2D section are approximated using the value of V, sy computed by N-XROTOR.
Appendix D summarises the boundary conditions and the CFD setup of this simulation. As discussed in
section 4.3.2, the x — w SST model shows not very good performance for low Reynolds number flows and has
a quite large effect on the development op the boundary layer in the leading edge region where the local Rey
is low. In the N250 propeller simulation the x —w SST with a low Reynolds number correction does not show
significant deviations in the thrust and torque distributions compared with the standard SST model.
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Figure 7.2: Comparison of distributions between N-XROTOR and the multiple reference frame CFD simulation. The results of

N-XROTOR are computed using airfoil data calculated by XFOIL and the airfoil data as computed by CFD simulations on the

2D airfoil at r/R = 0.52. For the other airfoils the airfoil data is estimated using the XFOIL and CFD results.
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Figure 7.3: Comparison of pressure distributions at six radial positions as found by XFOIL and by CFD. The C), is normalised w.r.t. the
local dynamic pressure using the effective velocity predicted by N-XROTOR at that radial position.
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However, the reduced inflow velocity and lower tip Mach number of the NUI propeller shows a distri-
bution of lower Reynolds numbers than occur in the N250 simulation. Therefore also airfoil properties are
computed with this turbulence model. The a — C; and a — C; curves computed with CFD and XFOIL are
shown in figures 7.2 (d) and (e) respectively. A number of observations can be made:

 The lift curve slope of the standard SST model is slightly lower compared with XFOIL and there is an off
set in the lift-curve. Both phenomena may be explained as a result of a thicker boundary layer. A thicker
boundary layer on the upper surface results in a decambering of the airfoil which may be explain the
off set. When this decambering effect grows with angle of attack, the lift curve slope also reduces. In
addition to the deviations of the linear lift curve, Cj ;4. occurs at a lower a and the non-linear part of
the curve starts several degrees earlier compared with XFOIL. Therefore earlier stall may occur in the
CFD simulation of the propeller-fuselage configuration.

 Figure 7.2 (d) shows that the lift curve computed by XFOIL has significantly better agreement with the
SST model with low Reynolds number correction. The C;—a curves from CFD and XFOIL almost exactly
coincide over the complete range of a. The laminar boundary layer region at the leading edge modelled
in XFOIL is more in line with the boundary layer growth from the leading edge predicted by CFD.

* The shape of the C; — a curve is well captured by XFOIL, although a consistent under prediction of the
C, is present, likely due to a difference in skin friction as the deviation is almost an offset. The drag
prediction of XFOIL corresponds better with the low Reynolds number model as the skin friction in the
leading edge region is likely to be modelled more closely as XFOIL and the pressure drag is lower due
to the less rapid growth of the boundary layer in that turbulence model.

To estimate the effect of using CFD data instead of XFOIL, the airfoil properties at all radial locations are
corrected using the comparison of the properties at /R = 0.52. It should be stressed that this will provide
only an estimate as the deviations between XFOIL and CFD are likely not to be constant throughout the blade
due to the range of Mach numbers, Reynolds numbers and mesh size. When these airfoil properties are used
to estimate the performance, the deviation of N-XROTOR with respect to the CFD prediction is reduced to
0.94% in Ct and 0.84% in Cp as shown in table 7.2. The corresponding thrust and torque distributions are
compared in figures 7.2 (a) and (b). A better agreement with the CFD results is shown in both the thrust
and torque distributions. These results show a significant influence of the airfoil properties on the propeller
performance. However, on the I—T) ratio the difference between N-XROTOR and CFD is almost unaltered.

Figure 7.4 shows the thrust and torque distributions from the full blade simulation using the standard SST
model and the SST model with low Re correction. A relatively small difference is observed between the two
models. In the region of highest loading there is a small increase in both thrust and torque. It should be noted
that the two models also yield different velocity inflow profiles for the propeller. This different velocity profile
in the simulation with the low Re correction may influence the distribution as well.

From the previous paragraphs it may be noticed that although there is much better agreement with XFOIL
using the low Re correction, there is limited impact on the thrust and torque distributions when the full
blade simulation is computed with the low Re correction. Therefore it may be concluded that the majority
of deviations between CFD and N-XROTOR are not the result of the difference in turbulence modelling and
other phenomena dominate, which will be addressed in the following sections.

7.2.3. RADIAL FLOW

One of the neglected quantities in N-XROTOR is the radial flow. Two radial flow components may be dis-
tinguished; the external flow induced by a contraction of the aft-fuselage and an induced component by the
propeller.

Radial flow is visualised in figure 7.6. The externally induced flow (as shown in figure 5.2 (d)) is strongest
near the root which is up to 25% of the local axial velocity. The wall shear streamlines in figure 7.6 (a) show
that near the leading edge in the root region there is a flow direction towards the root primarily due to the
externally induced flow. At the trailing edge of the blade a much stronger radial flow can be observed in both
radial directions. This flow behaviour may be explained in the same way as radial flow on the N250 propeller
as a result from the trailing vorticity which induces a flow component in the radial region of the propeller.
Over the majority of the trailing edge this results in a smooth bending of the wall shear streamlines in which
the direction is dictated by the direction of the trailing vorticity. In the N250 simulation the direction of the
streamlines on the pressure side is approximately opposite to the ones on the suction side. This behaviour is
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Figure 7.4: Effect of the low Reynolds number correction on the thrust and torque distributions in (a) and (b) respectively. The results
are compared with the standard x —w SST model.

only partly observed in figure 7.6 (a), possibly due to the external induced flow. However, when looking at a
plane behind the propeller in figure 7.6(b) in which the radial flow distribution is shown, it is clear that the
tendency of opposite radial flow is visible.

As discussed in 4.3.3, it is expected that the radial flow on the propeller influences the airfoil properties
and the flow experienced by the airfoil. The airfoil properties are changed due to the influence on boundary
layer growth in chord wise direction. It is expected that the magnitude of the local effective velocity is reduced
due to the radial velocity component resulting in a lower dynamic pressure over the airfoil.

7.2.4. STALL AT OUTBOARD SECTIONS

In the outer region of the blade LfQ—TQ is slightly lower in the CFD simulation of the full blade compared with

N-XROTOR. Also the thrust in this region is suddenly lower compared with the other sections. The wall shear
streamlines also show a quite abrupt change in direction in the region and the C), plots show a pressure re-
covery downstream of the airfoil. These distributions indicate that is trailing edge stall which is not predicted
in the N-XROTOR computation, neither in the results using XFOIL and CFD to calculate airfoil properties.
Several differences exist between the three-dimensional blade simulation and the N-XROTOR computation.
It may be argued that a larger angle of attack occurs in the CFD simulation of the full blade, leading to earlier
stall than in the N-XROTOR simulation. However, the a comparison of the loading indicates that this is not
the case as the loading of the CFD is primarily lower throughout the radii away from the root. In the full blade
simulation a radial flow component is present (discussed in section 7.2.3). Though, three dimensional flow
is shown be postpone stall (e.g. [57, 98]) due to the influence of the Coriolis force which is stabilising the
boundary layer.

A possible cause is that the mesh influences the results. Compared with the chord length at r/R = 0.52
the chord length at /R = 0.85 is almost 60% smaller. For the same surface mesh refinement, which is set in
absolute dimensions, it means that airfoils with relatively small chords have a course mesh. The large devia-
tion of the chord length over the radius is the case for the non-uniform inflow propeller. For uniform inflow
propellers the chord distribution is more constant along the radius. To quantify this effect, CFD simulations
on the airfoil at /R = 0.85 are compared with the airfoil data at /R = 0.52 using the same Re and M to only
identify the effect of the mesh. Both airfoil sections have the same mesh refinement. The results are shown in
figure 7.5 (a) and (b). The lift curve clearly shows that the courser mesh at the outboard section significantly
influences the maximum lift coefficient, the angle of attack at which trailing edge stall starts and the camber
of the airfoil due to a not sufficiently resolved boundary layer. It is therefore expected that the stall phenom-
ena in the outboard regions is due to the course mesh in that region. In addition, the drag coefficient is has a
higher value over the complete range of angles of attack. A variable mesh size depending on the local chord
length would improve the results of the propeller-fuselage CFD simulation. It should be noted that the shown
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Figure 7.5: Effect of the mesh of the outboard region compared with the finer mesh in the inboard regions due to the constant mesh
refinement along the blade with a varying chord distribution.

curves are therefore only an indication of the grid effect as each airfoil operates at different Re and M.

7.2.5. PERFORMANCE OF ROOT SECTIONS

Figures 7.2 (a) and (b) show a significant higher prediction in thrust and power in the root region by the CFD
simulation compared with N-XROTOR. The underestimation of the hub effect by N-XROTOR has been in-
dicated in section 4.3 for the N250 propeller. As the loading of the root region in the non-uniform inflow
simulation is higher than in the N250 simulation, the influence of the hub can be expected to be larger. Not
only the absolute force and torque distributions are higher in the hub region, also the ratio g—PTX is significantly
higher than N-XROTOR predicts. This indicates that the finite loading at the hub is favourable for the pro-
peller as the added thrust comes at a relatively low added torque. The higher thrust may be explained when

looking at the flow in the root region.

Figure 7.7 (a) shows the wall shear streamlines on the propeller in the root region as well as the velocity
streamlines and pressure just above the spinner surface. It is shown that there is a three dimensional pocket
of recirculating flow approximately at 40% of the chord. This pocket results in a relatively low pressure as
indicated in the figure. The streamlines indicate a reattachment of the flow towards the trailing edge. In this
particular setup there is a rapid deceleration of the velocity on the propeller surface at the junction with the
spinner because the spinner is modelled as a slip wall while the propeller surface has a no slip condition. In
combination with the adverse pressure gradient on the airfoil, this velocity gradient may result in separation.
Figure 7.7 (b) shows the C, distribution just above the spinner (adjusted for the operating pressure). The
shape of the pressure side is approximately followed by XFOIL while the suction side is significantly under-
predicted by XFOIL. The recirculating flow is expected to contribute to the low pressure as an analogy may be
made with the additional 'vortex lift’ on a swept wing or propeller which results in a leading edge vortex with
a high dynamic pressure. The pressure distribution also indicates a higher angle of attack in the root section
than predicted by N-XROTOR. N-XROTOR models the spinner with a constant radius. However in the CFD
simulation the tapered spinner upstream of the propeller reduces the ability of the root sections to induce an
axial velocity as the spinner effectively 'blocks’ the flow to be induced by these sections. This yields an airfoil
with a larger angle of attack than predicted in N-XROTOR and may contribute to the higher thrust observed
in the CFD simulations.

Another effect on the root performance may be found in the pressure gradient induced by the fuselage.
This induced pressure gradient acts as a force on the propeller which leads to an additional thrust and torque.
This effect is schematically shown in figure 7.8. To estimate this effect on the propeller performance and the
radial distributions, these components are assumed to act on a plate with a finite thickness with an angle
equal to the blade angle B(r) such that the total force and power of the propeller due to the pressure gradient
may be expressed as:
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R
ATap =Bf dp(r)c(r)cosfB(r)dr (7.1)
dx Rpup
R
APa4y =B Qdp(r)c(r)sinB(r)rdr (7.2)
dx Rhup

in which dp(r) is the pressure difference between the two sides of the plate. The value of dp is approxi-
mated by taking the pressure difference between an upstream and downstream location of the isolated fuse-
lage simulation and multiply it with the maximum thickness of the local airfoil. To indicate the importance
of this effect on the total propeller thrust and torque, these terms are evaluated as ATap = 1.2-1074T and
dx
APa4y =1.2-107*P, which show that the pressure gradient does not significantly contribute to the (overall)
dx
propeller performance. Figure 7.8 also shows the radial distributions due to this pressure gradient. The dis-
tribution of d Tap to the propeller induced d T shows that there is a quite large variation along the radius with

dx
arelatively large contribution in the root region. However, that maximum value is only 0.12% of the value pre-
dicted by N-XROTOR and therefore the increased loading at the hub can not be explained by the externally
induced pressure.
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Figure 7.6: In (a) the propeller wall shear streamlines and the radial locations of which the pressure coefficient Cy, is plotted in figures
7.3 (a) through (e). In (b) Radial flow in a plane just behind the spinner. The direction of the flow is indicated in arrows.
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7.3. EFFECT PROPELLER ON AFT FUSELAGE

As mentioned in section 2.3, there are two main effects the propeller has on the flow field on the aft fuse-
lage; (1) the strong hub vortex induces a lower pressure on the spinner resulting in pressure drag and (2) the
pressure field of the propeller results in additional pressure and skin friction drag on the fuselage. The latter
effect is approximated using an Actuator Disk (AD) model and is compared with the CFD results of the full
simulation. The effect of the hub vortex is not predicted by the AD and gets therefore special attention in this
section.

Table 7.3 shows the comparison of the fuselage drag in the isolated simulation, the simulation using the
actuator disk and the multiple reference frame simulation. The drag forces on the spinner and on the fuse-
lage minus spinner are listed as well. The spinner is shown to be produce a net thrust force in all three cases
due to the higher pressure which is built up behind the fuselage. As the spinner is modelled as a slip wall,
in reality skin friction would decrease the net thrust force slightly. It is shown that the pressure jump by the
AD especially changes the drag on the geometry without spinner, which is caused by the reduced upstream
pressure. The drag on the spinner is almost not changed as the spinner experiences both a lower pressure
on the surface upstream the AD and a higher pressure on the surface downstream the AD. In the full blade
simulation the drag on the fuselage without spinner is slightly lower than predicted by the AD model. This is
also predicted in section 5.4 as the largest pressure jump in the AD is at the root and the full blade simulation
has the highest suction more towards the tip (shown in the thrust distribution in figure 7.2 (a)) and is further
away from the upstream geometry. The full blade simulation shows a 1.87% higher (total) fuselage drag than
predicted by the actuator disk simulation. It should be mentioned that this condition does not represent a
force balance as the thrust by the propeller is 4.15% lower than predicted by N-XROTOR. The higher total
drag is a mainly a result of a lower thrust force on the spinner. Compared with the AD simulation, there are a
number of differences in the full blade simulation. The flow field in the full blade simulation is more concen-
trated than the flow field induced by the AD; the pressure field downstream of the propeller is not constant
in circumferential direction. Also, there is no swirl velocity modelled by the AD simulation. This tangential
velocity is only present behind the propeller (elaborated in section 2.2) and results in a lower pressure behind
the propeller than predicted with the AD model and hence the thrust force on the spinner is also reduced.

Figure 7.9 (a) the circumferential average of the C,, from the full blade simulation is compared with the
isolated fuselage and AD pressure coefficient. There are a number of observations. The C,, of the full simu-

lation and AD compare quite well up and till I; xz = 0.95 with a slightly higher pressure in the full blade
uselage

simulation which explains the slightly lower fuselage drag. The C, on the spinner is very different in both
simulations. The circumferential averaged full blade C, clearly does not have such a large jump in C), as the
AD. However, when considering different angles ¢ in circumferential direction (¢ being defined in figure 7.9
(c)), one gets the distributions as shown in figure 7.9 (b). As may be expected with a finite number of blades,
the circumferential variation of Cp, is quite significant. The local pressure jump at the blade (¢ = 45°) is larger
than predicted by the AD. The circumferential variation is especially visible near the blade and almost no

deviations are shown for 1 X <0.95.
fuselage

One of the observations is that there is a quite sudden significant decrease of pressure on the aft portion of
the spinner. This rise of —C, may be a result from the hub vortex, which is schematically shown in figure 7.10
(a@). The four blades each release a hub vortex due to the finite I's which follows the contour of the spinner.
Behind the spinner these vortices combine as one strong vortex trailing in axial direction along the axis of
rotation. This vorticity induces a tangential velocity which leads to a lower pressure and results in a Do, zex -
This effect is not included in the AD simulation. The hub vortex in the CFD simulation is shown in in the top
left figure of figure 7.10 (b) as a concentrated vorticity along the axis of rotation. In the top right figure it is
shown that the majority of this vortex is axial vorticity. It should be mentioned that part of the concentrated
vorticity comes from the hub vortex but also vorticity shed from propeller blade in the relatively lower radii

Table 7.3: Comparison of D fysejqge a0d Dgpinner from a CFD simulation using an Actuator Disk (discussed in section 5.4) and the
CFD simulation of the full blade. The drag of the isolated fuselage is provided as reference.

Method Type of drag Dspinner NI Dyyselage = Dspinner [N
CFD (full simulation) Dggin+ Dpressure  -5.12 88.98

Dgkin 0.00 69.49
CFD (actuator disk) Dgkin+Dpressure  -7-44 89.64

Dskin 0.00 67.83
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Figure 7.9: Comparison of Cp, distributions along the aft part of the fuselage with the isolated fuselage simulation, the Actuator Disk and
full blade simulation in (a). The location of the spinner is also indicated. In (b) the circumferential variation of C p of the full
blade simulation at several values of ¢ where ¢ is defined in (c).

which rolls up towards this hub vortex. This is the same phenomena as a trailing edge vorticity in the outer
radii which rolls up into a strong tip vortex. The effect of this concentrated axial vorticity can be observed
in the tangential velocity distribution and the pressure distribution in figure 7.10 (b). The magnitude of the
tangential velocity shows a very high value at the spinner’s axis of rotation. This results in a locally very low
pressure which is the source of D, ,,;ex. It may be observed in the vorticity plots that the periodic boundary
conditions are visible. Vorticity is present at these boundary conditions which should not be the case. This
behaviour is also present in the N250 simulation.

It is shown in figure 7.2 (c) that the propeller performance is enhanced by the high loading at the hub by
the hub effect. However, it is questionable whether the finite circulation leads to a net benefit for the propeller
as the additional interference drag of the hub vortex may cancel this benefit. In Wald [40] the additional drag
is also recognised and it is recommended to have no circulation at the hub to prevent the D,y sex-

As noted in section 4.3.4, the sliding mesh approach results in a different and more concentrated up-
stream pressure than the multiple reference frame approach. Also the vorticity in slipstream is more averaged
in circumferential direction and hence the hub vortex drag may be changed by applying the sliding mesh ap-
proach. This simulation is not performed for this thesis.
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Figure 7.10: In (a) a schematic of the finite circulation at the hub which releases a vortex from each blade. Circulation indicated in blue
and the corresponding blade in orange. In (b) some flow quantities to indicate the effect of the hub vortex in a plane just
behind the spinner.
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7.4. DESCRIPTION OF SLIPSTREAM

In this section the distributions of some flow quantities are compared between the isolated fuselage simula-
tion and the full blade simulation. Both radial distributions at a plane behind the spinner and the develop-
ment of averaged flow quantities in downstream direction are shown in sections 7.4.1 and 7.4.2 respectively.

7.4.1. RADIAL DISTRIBUTIONS WITH AND WITHOUT PROPELLER

To determine what the propeller does to the fluid properties, one can average the flow quantities at a plane
in circumferential direction and compare this average to the flow state of the isolated fuselage simulation.
Figure 7.11 (a) shows the considered survey plane just behind the spinner. The boundary layer follows the
contour of the spinner and, if limited mixing takes place, should have the same thickness as at the loca-
tion of the propeller. In figure 7.11(b) the total pressure contour of the isolate fuselage shows approximately
the same boundary layer thickness as at the propeller plane as r/R = 1 just behind the spinner corresponds
roughly with the p;/p;. It is shown that the total pressure is increased by the propeller over the complete
radius with the largest increase in the outer region, corresponding to the region of highest loading. In (c)
there is a static pressure increase throughout the radius except for the inner radii, which is the result of the
hub vortex. It is shown that the pressure field extends further than the propeller tip. The axial velocity (in (d))
shows a similar behaviour as the total pressure distribution, a maximum increase in magnitude in the outer
radii. However the relative increase to the uninstalled velocity profile has its maximum at smaller radii. In
the tip region one may observe a smaller axial velocity compared to the uninstalled condition. This is due
to a contraction of the slipstream induced by the propeller which results in a radial velocity component and
reduces the axial velocity component as indicated in figure 6.5. In (e) the effect of the hub vortex is observed
in the tangential velocity distribution as a very large value along the axis of rotation as discussed in the pre-
vious section. Apart from this hub vortex, an increasing tangential velocity is observed towards the root in
an almost linear distribution. The radial flow component in (f) indicates the contraction of the slipstream,
which extends quite significantly beyond the radius of the propeller.

7.4.2. DEVELOPMENT OF FLOW QUANTITIES IN AXIAL DIRECTION

A method to analyse how the flow quantities develop downstream, the averaged quantities at circular planes
at various axial directions may be computed. The quantities are averaged in circumferential and radial direc-
tion. Care should be taken when this method is applied, as the radius of each plane determines the averaged
quantities of the flow; close to the propeller the averaged value of a very large plane is different than that of a
much smaller plane. Of interest is the development of equal mass flux through a volume slightly larger than
the slipstream. Therefore the edge of each plane is characterised by a common streamline; this ensures that
the average is taken of the same flow at each plane. These planes are sketched in figure 7.12 (a). Figures 7.12
(b) through (f) provide averages of some flow quantities with the first plane having a radius of 1.35R. Due to
the discrete interpolation over the planes and the iterative approach to calculate the mass flow, the mass flow
varies slightly from plane to plane, within 2% of the mass flow through the first plane.

The development of the pressure is shown in figure 7.12 (b). The isolated fuselage case shows an increas-
ing pressure towards the propeller location and a decreasing pressure towards free stream conditions. When
the propeller is installed, the typical averaged pressure of a propeller is shown as a jump in pressure. The
jump is approximately equal in suction upstream and increased pressure downstream. The pressure devel-
opment behind the propeller shows a very similar behaviour as the isolated case where the freestream value
isreached after approximately six propeller radii downstream. It is noted that the pressure recovery is actually
faster when the propeller is installed.

In figure 7.12 (c) the axial velocity is shown. The isolated fuselage shows an averaged axial velocity which
very slowly increases behind the fuselage. In the installed case the velocity is increased smoothly through
the propeller plane, which is also the case in momentum theory. The velocity is approaching the freestream
velocity in a relatively short distance.

The tangential velocity (figure 7.12 (d)) shows no tangential velocity in the isolated case as expected. Up-
stream of the propeller the value of the averaged tangential velocity is zero, which is in line with vortex theory
(section 2.2). The increase in V;; is a step and slowly decreases downstream. The contraction of the slip-
stream would lead to a slight increase in tangential velocity, however the viscous dissipation due to the veloc-
ity gradients near the slipstream yield a net decrease. Artificial dissipation in the CFD simulation results in
an even faster decrease in tangential velocity. The contraction of the slipstream due to the propeller is shown
in figure 7.12 (e) as a more negative radial velocity both upstream and downstream of the propeller.
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The induced field of the propeller results in an increase in total pressure as shown in figure 7.12 (e). The
isolated simulation shows variations of 1% in axial direction, also aft of the fuselage. This is likely due to the
mass flow which is only approximately constant in axial direction and therefore the total pressure changing
as well. Additionally, mixing of the flow outside the fuselage wake with the freestream flow occurs as very
far from the fuselage the total pressure has its ambient value again. The total pressure experiences a step
increase by the propeller, in line with the actuator disk theory and is very close to the total pressure in the
freestream. It should be noted that the thrust of the propeller is 4.15 % lower than the fuselage drag (and the
power is ). In a thrust balancing situation, it can be expected that the total pressure in the slipstream is higher
than predicted in 7.12 (e) due to the higher induced velocities in axial, tangential and radial directions.

In a plane parallel to the freestream flow at an azimutal angle the axial velocity, total pressure and pressure
are shown in figure 7.13 (a). Note that these quantities are not circumferential averaged and variations occur
in circumferential direction. The axial velocity is shown as a quite increase at the outer radii of the propeller.
Towards the axis of rotation, mixing of the flow occurs and the higher pressure is exchanged for increased
axial velocity. The total pressur distribution shows that the thickness of the boundary layer from the fuselage
is clearly reduced after the propeller. The dissipation of total pressure due to the hub vortex is clearly shown
very close to the spinner. Downstream of the spinner the mixing is also shown in the total pressure. The
pressure is shown to influence only a relatively small region, in upstream and downstream direction.

In 7.13 (b) the isosurface of axial vorticity is shown at a value of 300 [s71. It may be noticed that the root
is dominating, both the vorticity shed from the inner radii as well as the axial vorticity from the hub vortex.
The figure shows that the vorticity from the inner radii is merging with the hub vortex in a short distance. It is
noted that the swirl angle in the root region is relatively large compared with the swirl angle of the tip, which
is a result of the relatively low axial velocity.
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CONCLUSIONS AND RECOMMENDATIONS

In this chapter the conclusions and recommendations are summarised which are a result of the work per-
formed in this thesis. Conclusions are provided in section 8.1 and recommendations for future work are
given in section 8.2.

8.1. CONCLUSIONS

Previous research on the concept of 'Boundary Layer Ingestion’ (BLI) includes experimental, numerical and
analytical analysis. These studies are performed with theoretical propellers or propellers designed for uni-
form inflow and limited attention was paid to the propeller design of such configuration.

In an initial analysis of a uniform inflow propeller using the momentum and kinetic energy equations it
is shown that a reduced axial inflow velocity results in a lower required power for a given thrust requirement.
However, because the induced velocity increases with reducing axial velocity, the propulsive efficiency of this
uniform inflow propulsor is decreased. The objective of this research is to obtain a better understanding of
the power benefit of an installed pusher propeller operating in the boundary layer of an aft-fuselage and its
interaction effects by developing a numerical method to design the aerodynamic shape of the propeller and
validate the design by means of Computational Fluid Dynamics (CFD) simulations.

A propeller analysis tool named N-XROTOR is developed which uses the lifting line code XROTOR [1] for
the propeller performance quantities and XFOIL [2] for the airfoil properties. The tool is capable of calcu-
lating propeller performance for both uniform or radially non-uniform inflow. No circumferential variations
of the flow are taken into account. XFOIL is used to provide airfoil properties at several radial positions. The
propeller analysis code is validated using experimental results of two uniform inflow propellers and CFD sim-
ulations. The performance quantities of the NACA III propeller [65] show a good prediction of the trend of the
Cr—J and Cp —J curves but a constant over prediction of both quantities with respect to experimental data is
observed. Good agreement is found in comparison with the experimental results of the N250 propeller [64].
Deviations include an over prediction of thrust at low advance ratios and a constant offset of the power coef-
ficient. Deviations are explained by the absence of the spinner and radial flow on the propeller blade which
are not taken into account, a finite chord length modelled as lifting line and the influence of modelled airfoil
properties, which receives more attention in the non-uniform inflow simulation. A quite significant effect of
the transition location is observed with a forward location of transition corresponding with a lower lift curve
slope and a lower Cy and Cp over a range of advance ratios. A series of CFD simulations in ANSYS Fluent
using a reduced wedge shaped domain of one blade of the N250 propeller is performed for several advance
ratios. The standard x —w SST is used as turbulence model and other computational settings are based on
previous research. A grid refinement study is performed in which a balance is found between computational
resources and convergence. Both a steady Multiple Reference Frame (MRF) method and a transient sliding
mesh method are used for comparison purposes. Compared with the transient sliding mesh simulation, the
MRF simulation results in a deviation of —0.85% in thrust and a —1.00% in torque at a moderate blade loading.
This deviation is explained by the distribution of vorticity in the slipstream which is more concentrated from
the propeller point of view in the MRF method resulting in a different induced velocity field compared with
the sliding mesh results. Due to the significant computational resources required for the sliding mesh ap-
proach, the MRF approach is chosen for remaining simulations. The trends of N-XROTOR in terms of C7 — J
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and Cp — J compare well with the CFD simulation with a constant over prediction of the performance quanti-
ties by N-XROTOR. These over predictions are also noticeable in the radial distributions of thrust and torque
with slight over predictions in the high loaded region on the blade. For a moderate advance ratio of J = 0.79
the thrust and power are over predicted by 5.25% and 3.67% respectively. A comparison with the standard
x —w SST turbulence model and the SST model with low Reynolds number correction for a more accurate
modelling of the flow near the leading edge shows that the low Re correction results in a minor increase in
thrust and power of +0.08% and +0.06% respectively. The radial flow on the propeller blade is shown to be
quite significant and varies along the blade. The distribution of bound circulation and the resulting trail-
ing vorticity shows good agreement with the radial flow on the propeller blade, visualised using wall shear
streamlines. The distribution of vorticity indicates to be the driving phenomenon of the radial flow near the
propeller compared with other phenomena causing radial flow.

A design procedure is developed in which the propeller shape is optimised using shape functions to de-
scribe the pitch and chord distribution and a NACA four series airfoil is used to limit the number of design
variables for a gradient based optimisation algorithm in Matlab environment. The interaction effects are as-
sumed to be determined a-priori and a tapered aft fuselage and the pressure field induced by the fuselage
are neglected. Input quantities for the design routine include a inflow field from CFD analysis, the design
advance ratio and a thrust requirement. The design objective of all optimisations is minimum power. For the
reference design case an axisymmetric body from ESDU is subject to CFD simulations with similar settings as
the N250 simulation. The drag of the isolated body is determined which is used as thrust requirement for the
uniform inflow design. For the installed non-uniform inflow design condition, an Actuator Disk (AD) model
is used at the predefined location of the propeller with a pressure jump equal to the defect in total pressure
upstream of the AD based on findings from previous research [3]. An 11% increase of drag is found for the
equilibrium condition which is primarily due to increased pressure drag. Larger pressure jumps show only a
marginal increase in drag. Due to limitations of the lifting line code and the AD model, a finite velocity at the
aft fuselage is required which is realised using a slip wall boundary condition on the spinner surface.

The reference fuselage inflow field and thrust requirement are used to optimise a Uniform Inflow (UI)
propeller with the thrust requirement equal to the drag of the isolated fuselage and the Non-Uniform Inflow
(NUI) propeller with a thrust requirement including the approximated interference drag. The number of
blades is set to four, an advance ratio of J = 1.50 is chosen and in combination with a radius equal to 99%
of the total gage pressure of the undisturbed air yields a tip Mach number of around 0.50. The optimisation
results show that the NUI propeller requires 6.93% less power compared with the UI propeller even though
the thrust is 11% higher. The thrust distribution of the NUI shows a significant increase in thrust in the low
axial velocity region towards the root and the maximum thrust is shifted inboard. The torque distribution
shows a similar behaviour although the increase in torque in the inner radii comes at a smaller increase. The
ratio of thrust to torque % along the propeller blade shows a constant distribution for the UI propeller,
while the NUI propeller has a smooth increasing distribution towards the root. This distribution shows that
thrust requires a relatively low power when the local axial velocity is relatively low. This is the main benefit
of positioning a propeller in the boundary layer. The bound circulation distribution shows a shift towards
the root compared with the distribution of the uniform inflow propeller which is the result of the optimised
propeller shape which benefits from the favourable thrust to power ratio in the inner radii. The NUI propeller
has a significant increased chord compared with the optimal UI and also a higher lift coefficient distribution.
The blade pitch distribution is relatively constant for the NUI propeller to achieve moderate angles of attacks.
In the tip region of the NUI propeller, the d%—TQ is higher than the distribution of UI as the axial velocity at the
edge of the boundary layer is lower than free stream values because of the induced velocity of the fuselage. In
addition to the benefit of the low axial velocity, the non-uniformity of the inflow is expected to be beneficial.
The non-uniform inflow affects the outflow flow angles which dictate the direction of trailing vorticity and the
axial vorticity results in tangential induced velocities and the tangential vorticity results in axial induced flow.
The non-uniform inflow results in outflow angles at the NUI propeller blade which are smaller compared
with the Ul propeller outflow angles. Therefore the ratio of axial vorticity to tangential vorticity is lower and
more constant for the NUI. The local efficiency defined as n;ycq; = % with V, as the local inflow velocity.
Optimal Ul propellers have a constant efficiency distribution, but the NUI propeller shows a decreasing trend
towards the root which is also found in literature. This is analogous to the momentum analysis for uniform
inflow which shows a reduced efficiency at lower axial velocities. The trend of lower 17;,.4; is also found when
an optimisation for minimum power is performed using a radially varying actuator disk with the same inflow
and thrust requirement as for the full blade propeller.

Compared with the UI propeller, the NUI propeller has a lower slope of the Cr — J curve. A possible
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cause for this behaviour this is that due the compressibility effect which is on average more dominant in the
uniform inflow case due to the higher local Mach numbers. This results in a higher lift curve slope than the
non-uniform inflow propeller.

Additional optimisations are performed to quantify the effect of the number of blades, radius and advance
ratio which are all set a priori in the reference optimisations. The effect of the number of blades on the
minimum power is similar for NUI and UI propellers with two and six blades resulting in a higher minimum
power compared with four blades. A lower number of blades results in higher induced losses while a larger
number of blades results in more profile drag losses. An increased rotational speed (or decreased advance
ratio) shows to be beneficial for the minimum required power due to lower induced losses which is in general
also the case for UI propellers. Both a 10% larger and smaller radius shows to be beneficial for the NUI
propeller. The smaller radius result on average in a lower average axial velocity and a higher radius is expected
to be similar to the UI propeller which requires smaller induced velocities for the same thrust requirement.
In addition it is shown that when a higher thrust requirement is set, individually designed NUI propellers for
each thrust requirement show a constant power benefit compared with the optimised UI propellers.

The optimised NUI propeller in the installed configuration is simulated using CFD with the Multiple Ref-
erence Frame method with a reduced wedge shaped domain. The operating conditions correspond to the
design condition. N-XROTOR over predicts the thrust and power by 4.15% and 4.71% respectively compared
with the CFD simulation with the standard x — w SST turbulence model, which are deviations of the same or-
der as the N250 simulation. The d‘f?—TQ distribution shows good correspondence, although in the outer region

(% =0.7...0.95) the fQ—TQ is over predicted by N-XROTOR and in the root region this ratio is under predicted by
N-XROTOR. Several causes are found for these deviations.

In the root region the CFD simulation shows a quite significant over prediction of thrust and it is consid-
ered that this is caused by two effects. The junction between the slip wall boundary condition on the spinner
and the no slip wall propeller surface result in a significant velocity and pressure gradient. A separated flow
region is present at approximately half the chord which reattaches downstream of the airfoil. This region
results in a locally low pressure and thereby an additional thrust force. Also the tapered spinner constrains
the root region to induce an axial velocity which results in a higher angle of attack in the CFD simulation
compared with N-XROTOR, also shown in the C,, distribution of the root airfoil compared with XFOIL results.
The fuselage induced streamwise pressure gradient varies in radial direction at the plane of the propeller and
leads to an additional force on the propeller. However it is shown that the maximum deviation of this pres-
sure gradient is 0.12% of the local thrust and the integrated value has shown to be in the order of 0.01% of the
total thrust and torque.

The C,, distributions at several radial locations compared with the XFOIL results indicate trailing edge stall
at the outboard radii. Several causes are identified. A two-dimensional CFD simulation is performed on the
airfoil section at the location of highest loading with the same mesh as the full blade simulation. Compared
with the predicted properties from XFOIL, a reduced lift curve slope, a lower maximum lift coefficient and
an offset is obtained indicating a decambering effect of the airfoil in the CFD simulation. When these airfoil
properties are used by N-XROTOR instead of the XFOIL computation, the deviation between N-XROTOR and
CFD is reduced to +0.78% on the thrust and +1.22% on the power. However, no trailing edge stall is observed
in N-XROTOR which indicates another effect causing the trailing edge stall. A similar two dimensional airfoil
simulation using the ¥ —w SST model with low Reynolds number correction shows almost exact agreement
with XFOIL. This indicates the importance of accurately modelling of the boundary layer in the low Reynolds
number regions near the leading edge. A full blade CFD simulation with this turbulence model shows minor
deviations in the thrust and torque distributions and is therefore not the main cause of deviation. A two-
dimensional simulation with constant Mach and Reynolds number on a section at = 0.52 and = 0.85 with
constant mesh refinement shows a significant influence of the mesh on the airfoil properties. A much lower
maximum lift coefficient, a reduced lift curve slope, an off set in lift curve slope and a higher drag coefficient
over a range of angle of attacks is the result. The coarse mesh in the outer region is found to be the driving
factor for the reduced loading in the CFD results compared with N-XROTOR.

The remaining deviations between N-XROTOR with approximated CFD airfoil properties are expected to
originate from the radial flow on the blade which is not modelled and the finite chord which is modelled as a
lifting line in N-XROTOR. The radial flow is visualised with wall shear streamlines on the propeller surface. A
similar pattern in recognised as the N250 simulation with the radial flow being proportional to the magnitude
and direction of trailing vorticity. In a plane behind the spinner the radial flow is clearly observable with
the radial flow direction being opposite on the pressure side. Both the externally induced radial flow by the
tapered aft fuselage and the self induced radial flow are expected to result in a decambering of the airfoil due
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to the influence on boundary layer growth as well as a reduced chord wise velocity resulting in a locally lower
dynamic pressure experienced by the airfoil contour. The finite chord results in a variation of circulation
in chordwise direction which results in generally a lower effective angle of attack and therefore a reduced
loading.

The interference effects of the propeller onto the fuselage are compared with the AD approximation. The
circumferential average C), upstream of the propeller on the fuselage geometry excluding spinner shows rea-
sonable agreement and an over prediction of 0.74% of the drag by the AD model is observed. This indicates
that for a first order estimate of upstream effects the AD model performs reasonably well. Close to the pro-
peller the over prediction of the C, by the AD model is increased. This is because the AD has the largest
pressure jump at the root while the maximum pressure jump of the full blade simulation is further away from
the spinner. Downstream of the full blade simulation the pressure is rapidly decreased to a low finite value at
the aft end of the spinner. This is the result of the finite bound circulation at the propeller root which releases
a strong trailing vortex from each blade. These vortices are following the contour of the spinner and com-
bine into a strong vortex. This is shown in the vorticity magnitude contour as concentrated vorticity which
is mainly in axial direction. This vortex induces a strong tangential velocity resulting in a low pressure acting
on the spinner. The net thrust force on the spinner is significantly reduced compared with the AD simulation
resulting in an overall drag increase of the fuselage.

A slipstream analysis is performed of circumferentially averaged flow quantities in radial direction at a
plane behind the propeller and the axial development of several averaged flow quantities is shown. At a plane
just behind the spinner the largest axially induced velocity is shown to be at the location of highest loading. A
similar behaviour is shown for the total pressure distribution which varies in radial direction. The total pres-
sure has larger values than free stream values in the outer radii. The tangential induced velocity is shown to
be highest in the root region. The strong vortex at the axis of rotation is shown as a large tangential velocity. To
analyse how the flow quantities develop downstream, the flow properties at several planes axial locations are
extracted and averaged in radial and circumferential direction in which each plane has a approximately the
same mass flow. A jump in pressure is shown at the location of the propeller with a symmetrical distribution.
The axial velocity is shown to be increased smoothly and at about five propeller radii downstream has almost
reached freestream values. The tangential velocity is shown as a jump, which is expected from vortex theory.
The total pressure is shown as a step increase and behind the propeller is close to the freestream total gage
pressure.

8.2. RECOMMENDATIONS FOR FURTHER RESEARCH

Several recommendations for future work are formulated in this section. It is expected that these recommen-
dations improve the propeller design, improve the design procedure and increase the power benefit of the
non-uniform inflow propeller. Some recommendations for the design and analysis tool are proposed:

* Improvements are expected when more attention is paid to airfoil design. The current setup allows
for thickness and camber optimisations of NACA four series airfoils. When more airfoil families are
considered or the complete airfoil shape is optimised, better airfoil properties may be the result. It
is recommended that multiple airfoils are optimised along the radius as it is expected that due to the
varying lift coefficient and Reynolds number the optimal airfoil changes along the propeller radius.

* To reduce the vortex drag arising from the vortex shed from a finite bound circulation at the hub, a
boundary condition may be imposed to have no circulation at the propeller hub. However, this may
result in a decreased propeller performance and therefore a method to estimate the vortex drag should
be implemented in the optimisation routine to find a balance between propeller performance and in-
terference drag.

* The finite loading at the root as a result of the limited capability to induce axial velocity from the tapered
aft fuselage shape is recommended to be included in the analysis tool. This means that the actual
effective angle of attack should be increased due to this blockage effect.

* As the interference drag is found to be significant for the reference case, the shape of the aft fuselage is
suggested to be optimised. The shape upstream of the propeller may be optimised using an actuator
disk representation.

For the CFD analysis of the non-uniform inflow propeller the following is suggested:
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* A better representation of the interference effect may be found when the actuator disk has a finite swirl
velocity in addition to the pressure jump. The reduced thrust force on the spinner from this lower pres-
sure downstream is included in the total fuselage drag computation. A linear and decreasing tangential
velocity profile from root to tip is suggested.

e It is recommended that the mesh refinement on the propeller blade and consequently the element
size near the blade is not a constant value along the blade but rather changes with changing chord.
The non-uniform inflow propeller has a highly changing chord distribution and a constant minimum
element size leads to a too coarse mesh at the outboard sections with a low % value.

* Asliding mesh simulation of the installed configuration is suggested as the upstream effect of the pres-
sure on the boundary layer is expected to be different from the multiple reference frame simulation.

* The junction of the propeller blade with the spinner which has a slip wall boundary condition may be
improved by the use of fillets to reduce the pressure and velocity gradients at the junction.






GEOMETRY DESCRIPTION OF TWO
PROPELLERS USED IN VALIDATION OF
N-XROTOR

The following sections describe the propeller geometry of two propellers of which the performance curves
are compared with the output of N-XROTOR.

A.1.N250 PROPELLER

Quantity Value

B 6 [—]

R 0.2033 [m]

Ruub 0.0468 [1m]

Q 1.0472e+ 03 [rad/s]

r/R=0.2300 0.4050 0.5100 0.6150 0.7200 0.7900 0.8600 0.9300 0.9650 1.0000

c/R[-] 0.1556 0.1456 0.1468 0.1515 0.1534 0.1515 0.1380 0.1094 0.0912 0.0681
Bl°] (Bo.75 =25°)  47.89 38.87 33.73 28.75 24.27 22.09 20.20 18.47 17.63 17.00

A graphical representation of the N250 propeller is shown in figure A.1 (a).

A.2. NACA-3 PROPELLER

Quantity  Value

B 2[-]

R 1.524 [m]
Ryub 0.3048 [m]

Q 141.37 [rad/s]

r/R=0.2000 0.300 0.4500 0.5500 0.6000 0.6500 0.7500 0.8500 0.9500 1.0000

c/R[-] 0.2037 0.2335 0.2654 0.2799 0.2788 0.2691 0.2353 0.2353  0.1975  0.0600
Bl (Bo.75 =35°)  67.06 59.34 49.388 43.85 41.38 39.08 35.10 31.49 28.43 27.04

A graphical representation of the NACA-III propeller is shown in figure A.1 (b).
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Figure A.1: Graphical representation of the (a) N250 propeller (8¢ 7g = 35°) and the (b) NACA-III propeller (B¢ 75r = 35°) used for the
validation of the N-XROTOR isolated propeller analysis tool for uniform inflow. The airfoil geometries correspond to the
radial positions indicated with a circle on the ¢/R and B(r) distributions.
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PROPELLER

B.1. MESH REFINEMENT STUDY IN N-XROTOR
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Figure B.1: The effect of the number of radial elements used in XROTOR on the C and Cp of the N250 propeller at J = 0.79 with a
critical N factor in the eV method of 5.
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Table B.1: Definition of sub-meshes used in the grid convergence study of the isolated fuselage CFD simulation

Volume Mesh Type  Element size [m]
Outer domain Coarse 1.0e-1
Fine 8.0e-2
Refinement box Coarse 1.0e-1
Fine 5.0e-2
Upstream domain Coarse 1.5e-2
Fine 1.0e-3
Rotating domain Coarse 9.0e-3
Fine 7.0e-3
Slipstream domain Coarse 1.5e-2
Fine 7.0e-3
Propeller surface Coarse 1.0e-3
Fine 7.0e-4
Extra fine 6.0e—4
Propeller leading edge  Coarse 1.2e-4
Fine 1.0e-4
Extra fine 9.0e-5
Propeller trailing edge = Coarse 1.0e-4

Table B.2: Grid refinement study on the isolated uniform inflow CFD simulation of the N250 propeller using the Multiple Reference
Frame approach. The different meshes can be constructed using table B.1. The general flow settings are listed in table 5.1.
For the drag computation the x —w SST turbulence model is used.

Mesh Outer Refinement Upstream Rotating Slipstream  Propeller Surface Number Ctl[-1 Cpl-]
domain box part and LE of elements

Mesh1 Coarse Coarse Coarse Coarse Coarse Coarse 6,473,833 0.2190  0.2469

Mesh2 Coarse Coarse Coarse Fine Fine Fine 8,704,778 0.2214  0.2483

Mesh3 Fine Fine Fine Fine Fine Fine 9,129,987 0.2209  0.2480

Mesh 4 Fine Fine Fine Fine Fine Extra fine 10,753,963 0.2195 0.2470
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Figure B.2: Comparison of CFD results of the circumferentially averaged axial (a) and tangential (b) velocities at a plane just
downstream of the propeller computed with different meshes for the N250 propeller at J = 0.79 using the Multiple Reference
Frame method in Fluent
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B.3. EFFECT OF TRANSITION IN N-XROTOR ON C;(r) AND Cg4(r)

Comparison of N250 propeller at J=0.79 with Q= 10,000 rpm . 3
Comparison of N250 propeller at J = 0.79 with Q = 10,000 rpm

09
0.0241
— N-XROTORwith N__ =0.01
0‘8 |- X crit
0.022 - - -N-XROTORwithN_ =5
07y 0.02
061 0018
- 031 — 0016
5 3
041 0.014} .
03 0.012} N
S
0.2 0.01F N
— N-XROTORwithN ;=001 RIS ‘
0.1r ~ _ _N-XROTORwithN ; =5 0.008F N
o ‘ ‘ ‘ ‘ ‘ ‘ 0.006 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.1 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1
YR [-] TR []
(a) (b)

Figure B.4: Effect of N,,;; in the e/ method on the lift and drag coefficient distributions computed with N-XROTOR on the N250
propeller

B.4. EFFECT OF LOW-Re CORRECTION ON CFD RESULTS
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Figure B.5: Comparison of CFD results of the N250 propeller with the standard x —w SST model and the k — w SST model with low

Reynolds number correction. The Reynolds number on the blade varies between 1-10° to 4-10°



DESCRIPTION OF REFERENCE FUSELAGE
SHAPE

This appendix provides the detailed shape of the fuselage used in the CFD calculations to obtain an inflow
profile for the to-be-optimised propeller.

The fuselage has three sections; a fore-body, a center body and an aft-body. Figure C.1 gives a line repre-
sentation of the fuselage.

£
BN Ca . . . .

0 1 2 3 4 5 6
X [m]

Figure C.1: Contour of reference fuselage based on body 7 from Chappell et al. [88].

Table C provides the mathematical representation of the fuselage contour and relevant constants.

Fuselage section | y/Rfyseiage [-1 description Constants Sectionlength Common name
I
Fore-body 7 nge = (15-10a; +3a2) Kk =1 Lypg=1.2[m] ESDUI
= kl( ) ] 1(1+k)
Center-body 77 x: =1 - L¢cp=3[m] R
uselage
Aft-body Rfmezage =1-(3-2A) [1 — LfAB A=0.75 Ly ap=1.8[m] Myring (Cubic)
3
+201-4) [1- 2
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CFD SETUP OF NACA AIRFOIL
SIMULATION

The following sections describe the propeller geometry of two propellers of which the performance curves
are compared with the output of N-XROTOR.

D.1. CED SETUP

symmetry boundary condition (not to scale)
10c 20c

) !
¢

10c

wall

—\
e — =

pressure inlet \
\\ pressure outlet

)
(
symmetry boundary condition /

Figure D.1: Domain and boundary conditions of the NACA airfoil CFD simulation to determine the airfoil properties at r/R = 0.5 of the
Non-Uniform Inflow propeller design.

D.2. GRID REFINEMENT STUDY

Mesh Airfoil surface  Leadingedge Domain Number of elements

Mesh1 1.000E-3 4.000E-4 1.5E-2 13,351
Mesh2 5.000E-4 1.500E-4 7.5E-3 44,755
Mesh3  1.500E-4 7.000E-5 3.0E-3 261,937

D.3. EFFECT OF TURBULENCE MODEL
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