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Abstract

The ducted propeller is a promising propulsion or lift generator for novel rotorcraft config-
urations, considering the stringent restrictions on safety, efficiency, and noise/carbon emissions.
However, extensive research work is still needed to further understand the aerodynamic and acous-
tic characteristics of ducted propellers at various conditions. This thesis aims to deliver high-
fidelity and systematic investigations of the aerodynamics, acoustics, and optimisation of duct-
ed/open propellers at various conditions.

A detail survey of past works on ducted propellers was first performed to analyse the re-
search status and challenges. Critical assessments of available data sets for validation were also
carried out. Numerical validation was then performed to verify the meshing, numerical meth-
ods, and simulation strategies for ducted propellers using a test case by NASA. High-fidelity CFD
methods and lower-order tools were employed and compared at a range of conditions. Detailed
analyses of the aerodynamic performance of ducted/open propellers were later performed at vari-
ous advance ratios, pitch angles, and crosswind angles. The near- and far-field acoustic features of
the ducted/open propellers in axial flight was also computed and inspected closely.

A gradient-based design optimisation framework was also compiled to improve the ducted
propeller performance at high advance ratios by varying the duct and blade shapes. The gradients
of aerodynamic performance with respect to the design variables were computed using the discrete
adjoint CFD methods. The ducted propeller thrust was successfully increased at high advance
ratios after the optimisation. The far-field acoustics of the optimised designs was only mildly
affected by the optimisation. A parametric study of the equivalent ducted/open propellers was
also conducted to further evaluate the influence of different design and operating conditions. An
automatic mesh generation tool chain was developed to ease the efforts required for the mesh
generation.

The ducted/open propellers were then installed under a main rotor to investigate performance
changes due to the aerodynamic interactions. The main rotor downwash induced imbalanced disk
loadings and loading variations with complex frequency compositions. The duct was found to
provide aerodynamic shielding for the blades enclosed, but it also created considerable blockage
to the downwash flow. A simplified modelling approach for the rotor/propeller interactions using
actuator disk models was later put forward. By introducing an inflow distortion metric quantifying
the aerodynamic interactions, an optimisation framework was compiled to minimise the rotor/pro-
peller interference by changing the propeller position, i.e. the configuration optimisation. The
inflow distortion factor was used as the objective, and its gradients with respect to the propeller
position were computed using the adjoint method. Gradient-based and gradient-free optimisation
approaches were proposed and assessed. With constraints on the pitching and rolling moments,
the optimisation managed to effectively reduce the rotor/propeller interference. The optimisation
results were further verified using blade-resolved simulations.
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Chapter 1

Introduction’

In recent years, a surge in Urban Aerial Mobility (UAM) research and development is noted around
the world I, featuring novel aircraft configurations and Electrical Vertical Take-Off and Landing
(eVTOL). The UAM concept has been hailed as the next revolution in aviation, yet significant
efforts are needed to form a solid, scientific foundation for design, manufacturing, operations etc.
Specifically, future UAMs should be both environment- and community-friendly, while maintain-
ing excellent aerodynamic performance especially at low speeds or hover. There are further de-
mands for low carbon/nitrogen and noise emissions, as well as, safety and less intrusive aircraft
wake, since the UAMs will operate mostly in the urban environments. As a core component of
aerial vehicles, the choice and optimal design of a propulsor thus becomes the key topic to be

settled.

The ducted rotor/propeller can be a very favourable choice of propulsion for future UAMs
fulfilling the stringent efficiency and emission requirements. The ducted propeller, or ducted/shrouded
fan/rotor, is a propeller enclosed in an annular duct with aerofoil-like sections. This concept was
first examined experimentally by Stipal?! as “intubed propellers” in the 1930s (Figure , and
the experimental prototype Stipa-Caproni (Figure was built as a demonstration and test-bed.

Soon after, this concept was widely studied using theory and further experiments. The presence of

! This chapter has been published in Zhang, T. and Barakos, G.N., “Review on ducted fans for compound rotor-
craft,” The Aeronautical Journal, Vol. 124, No. 1277, 2020, pp.941-974.
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the duct alters significantly the inflow conditions of the propeller, thereby altering its performance.
Meanwhile, the duct generates additional thrust at no torque cost exploiting the pressure jump by

the propeller disk.

To the propeller balance, g

N

\

/N__
|
§
Y

- Rear bhalance

(a) Test rig of the “intubed propeller” by Stipa 2

(b) The Stipa-Caproni prototype.

Figure 1.1: Early studies of the ducted propeller concept by L. Stipa “ .

A simple analysis for ideal hover cases can be made using the momentum theory. For the
same thrust required, the power reduction P;,/P,, can be written as a function of the expansion
ratio A, i.e. the ratio of the duct exit diameter to the rotor diameter:

Pyp 1

4P 1.1
Py VA (1.1)

where dp stands for ducted propeller and op for open propeller. Given the same power, the thrust
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improvement 7y, /T, can also be defined as a function of the expansion ratio A:

T,
“dr _ A, (1.2)
Typ

It can thus be seen that performance improvements can be achieved, as long as A is kept greater
than 0.5. Comparing to conventional open propellers, ducted propellers hence bring very promis-
ing improvements in terms of aerodynamic efficiency. Due to the duct shielding, the acoustic
emissions are also reduced. Additional safety benefits can also be expected by enclosing the pro-
peller blades. Of course, ducting brings certain penalties. For instance, the duct contributes to drag
rather than thrust at high advance ratios and low propeller suction. At crosswind or in edge-wise
flight, the duct may suffer from flow separation, if not properly designed. Issues regarding duct
weight, structural complexity, and vibration, should also be carefully considered. Nonetheless, the
ducted rotor concept has been widely used in different fields. Applications in propulsors for hover-
craft, fan-in-wing configurations, or tail-rotor as the fan-in-fin design for helicopters can be noted.
Applications to marine propulsion !, and wind turbines #1131 have also been reported. Ducted
rotors can also be made into UAVs (Unmanned Aerial Vehicle) if adequate control systems are

added.

For rotorcraft applications, many novel configurations have adopted ducted propellers for
propulsion, e.g. the Piasecki 16H-1A (Figure and X-49A (Figure [[.2(b)), and the VFW
H3 Sprinter (Figure . In Johnson’s conceptual design for urban compound helicopters! 710,
ducted propellers were chosen for efficiency and safety reasons, and were mounted on wings near
the tail under the rotor (Figure [I.2(d)). More applications of ducted propellers are presented in

Figures [I.3(a)] to [1.3(g)] such as on the Bell X-22A aircraft (Figure and the Doak VZ-4

(Figure [1.3(c)). More recent applications are shown in Figures [1.4(a)| to [L.4(f)l such as on the

Hybrid Air Vehicle (Figure [1.4(b)) and the Airbus E-fan (Figure |1.4(d)). The recently unveiled
Bell Nexus air taxi, as shown in Figure |[1.4(f), features 6 tiltable ducted propellers for lift and
thrust. Nonetheless, it should be noted that most of these unconventional aircraft were prototypes

and never entered production or service. Few analyses regarding the performance of the ducted
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(d) Coaxial Compound Helicopter
(CCH) by Johnson(©!

Figure 1.2: Ducted propellers on compound helicopters.

propellers in these configurations can be found in the public domain.

The following sections in this chapter present a comprehensive survey of published works
on ducted propellers for aeronautical applications. Early and recent experiments on full- or model-
scale ducted propellers are reviewed. Theoretical studies, lower-order simulations and high-fidelity
CFD simulations are also summarised. Test matrices of several experimental and numerical studies
suitable for validation are compiled and discussed. Challenges for the ducted propeller research

are also summarised.

1.1 Experimental Works on Ducted Propellers

As summarised by Sacks!®, Pereiral® and Akturk! 1, plenty of experimental and theoretical stud-
ies on ducted propeller aerodynamics can be found. Recent experimental studies mostly focused
on UAV/MAV applications. Therefore, as shown in Figures[I.5]and[1.6] the scale, compressibility,
and Reynolds number (based on free-stream speed and duct chord length) of recent studies are

only comparable to small, model-sized experiments from years ago. As suggested by Goodson
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Figure 1.3: Implementations of ducted propellers (20th century).

and Grunwald™!, model-sized tests can be used to approximate full-scale performance, provided
that the duct lip separation effects are avoided. However, lip separation is more likely to take
place in model-sized tests due to the low Reynolds number. Table [I.T] presents a summary of the

experiments, including the model scales and geometries, estimated maximum tip Mach number,
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Figure 1.4: Implementations of ducted propellers (21st century).

and main objectives of each study. These experiments are discussed in detail in this section, with
emphasis put on studies featuring large duct sizes, high Reynolds numbers, and well-documented

setups.

1.1.1 Early Experiments on Ducted Propellers

Selected early experiments are listed in Figures [T.7(a)| to [1.7(K)l Very early experiments before

the 1960s (Figures [[.7(a)| to [I.7(e)) are summarised briefly in Table [I.1] due to lack of detailed

information in the corresponding references. Nevertheless, results and conclusions of these tests

are discussed in the summary of research challenges (Section [I.3). This section focuses mostly
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CHAPTER 1. INTRODUCTION

on the full-scale wind tunnel test campaign performed by NASA (Figures [I.7(F) to [[.7()) during
the development of two VTOL aircraft, the Doak VZ-4DA and the Bell X-22A, which utilised
ducted propellers for propulsion and lift. The experiments focused on examining the aerodynamic

performance of the specific designs. Test matrices of these experiments are presented in Tables

[[.2[I.3] and [T.4]
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Figure 1.5: Scale (denoted by duct inner diameter D;, in inch) and compressibility (denoted by
maximum blade tip Mach number Ma,;,Max) comparisons of ducted propeller experiments

The 4-foot-diameter ducted propeller of the Doak VZ-4DA tilt-duct VTOL airplane was
tested while mounted at the tip of a semi-span wing representing a real-world design (Figure
1.7(f)). Experiments were systematically conducted and documented 32113310341 t6 jnvesti-
gate the performance of this specific shape. It is noted that geometric information of the entire
wing/ducted-propeller combination was presented in detail, except for the blade sections. The
configuration had a complex structure, as the propeller was 8-bladed. A 9-bladed stator was in-
stalled to support the centre-body. Either 7 or 14 guide vanes were installed at the duct inlet, and a
small tapered wing with a 25% plain flap was placed at the exit as a guide vane.

The experiments accounted for comprehensive variations including free-stream speed, AoA
of the wing, the ducted propeller’s relative angle to the wing, advance ratio, blade pitch angle,

power input etc. Power, forces and moments of the ducted propeller and wing combination, stall
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6.89 6.85

Figure 1.6: Maximum Reynolds number comparisons of ducted propeller experiments (based on
Ve and Cduct)

Table 1.4: Test matrix for the 5/16 model-sized ducted propeller by Grunwald and Goodson 18!

V. /[ft/s] RPM AoAll[deg] PB/ldeg] u Lip modification =~ Emphasis
variations - 8000 -10~110 24 0-0.595 on/off -
casel 100 removed/windmilling  0~100 24 - on/off power-off
case?2 - 8000 0~110 24 0~0.595 on/off AoA

boundary for the upstream lip (through tuft flow visualisation), and surface pressure were mea-
sured. To support future use of the ducted propeller for control purposes, the effectiveness of vari-
ous means, i.e. inlet vanes to alter the effective pitch angle of the blades, direct change of the blade
pitch, and exit vanes to deflect the air, were evaluated. The exit vane was eventually concluded
as the most effective method. In these full-scale tests, the maximum Reynolds number based on
the free-stream speed and the duct chord length was between 4 to 7 million. The experiments,
however, did not provide comprehensive measurements of the isolated ducted propeller (though

the isolated wing’s performance was measured), as the duct had to be mounted at the wing-tip.
Grunwald and Goodson M3 3150 tested 2 model-sized wing/ducted-propeller combina-

tions (Figures [1.7(g)|and [T.7(1)), to investigate the aerodynamic characteristics in hover and transi-

tion modes. It was found that the ducted propeller carries a substantial proportion of forces during

10
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Figure 1.7: Early experiments on ducted propellers.

hovering and transitional flight, and causes a large nose-up moment at low speed. With the exit

guide vanes, the forces and moments could be trimmed, effectively. However, due to the small

11
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scale of the models and the resulting low Reynolds numbers (around 0.5 million), flow separation
at the duct lip, which at full-scale may not be present, could not be avoided. Both experiments
documented the geometry and the test conditions, but the propeller blade sections were not men-
tioned. However, it should be noted that, though not stated explicitly in the documents, the same
ducted propeller model was apparently used for the wing/ducted-propeller combination study!!!
and to study crosswind effects"®! (Figure , and the blade sections are reported in reference
(18]

Later, a Bell X-22A ducted propeller was examined by Mort and Gamse!'®! in the NASA
Ames 40- by 80-foot wind tunnel during the aircraft development (Figure [I.7(})). Along with the
aforementioned 4-foot experiments, the test was summarised by Kriebel and Mendenhall’®>!, The-
oretical models were then built and examined. The models could predict well the ducted propeller
performance, yet differences could not be avoided due to the unevenly distributed disk loading and

flow separation, showing the need for high-fidelity analyses.

Geometric definitions of the duct and the vanes were also presented, but the blade profile
was not documented. The structure of the 7-foot-diameter ducted propeller was slightly simpler
than the 4-foot one of reference!'”l. The duct was 49 inches in length, and had 6 unevenly dis-
tributed stator blades to support the centre-body. A 3-bladed propeller was employed. A guide
vane, similar to a small wing of rectangular planform, was installed at the flow exit to deflect the
outflow. Aerodynamic forces, power, and moments of the isolated ducted propeller were mea-
sured, excluding the contributions from the wind tunnel support structure and fairing. Free-stream
dynamic pressure, blade pitch angle, rotor RPM, AoA of the duct, and the exit vane deflection
angle were set as the variables. The maximum Reynolds number based on the length of the duct
was around 13 million. However, only dimensionless parameters for the test conditions were docu-
mented, making the determination of the specific conditions difficult. Pressure distributions inside
and outside the duct surfaces were also provided. The experiments confirmed the high performance
of the specific design, and concluded that better high-speed performance could be achieved with
design modifications. Pressure distribution measurements were included to identify stall at inlet

and outlet. The geometry and stall boundary of the 7-foot duct were similar to those of the 4-foot

12
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duct HAB2I33I34] Tt was also found that upstream lip stall could easily happen at low power and
high duct angle conditions, but stall at the downstream lip was not likely. Initially, the separation
was local, and no large changes in performance were observed. As the crosswind angle increased,
flow separation occupied the entire duct lip and large changes in aerodynamic loads were noticed.
The authors claimed that there is a critical lip radius above which the flow separation would be
delayed and vice versa. In general, it can be argued that the duct lip separation depends on the
difference between the propeller power and the free-stream speed, the crosswind angle, and the

inlet lip geometry.

Experimental, and theoretical studies on more general configurations were also conducted.
Black et al. 21 systematically investigated the performance of a 3-foot ducted propeller, consider-
ing geometric variations of expansion ratio, inlet lip shape, external duct shape, propeller location,
inlet/outlet vanes, blade shape, blade number, tip speed, and tip clearance (Figure [I.7(k)). The
Mach number varied from 0.2 to 0.6 and comparisons were made against open propeller counter-
parts, with contributions from the duct and the propeller measured separately. Crosswind effects
were not included, but this research represents a comprehensive experimental investigation into the
dominant factors of the ducted-propeller static performance. The expansion ratio was identified as
the most critical factor, which was consistent with theoretical analyses. A larger expansion ratio
would be more beneficial to the static performance, but the cruise performance might be compro-
mised. The authors recommended either specific shape optimisation or deformable shapes, as a

way forward.

To study crosswind effects, Grunwald and Goodson '8! conducted experiments on a 15-
inch diameter ducted propeller, representing a 5/16 model of the aforementioned 4-foot ducted
propeller (1.7(h)), considering duct AoA ranging from —10° to 110°. Neither inlet nor outlet guide
vanes were installed. The maximum Reynolds number, based on the tunnel wind speed and the
duct length, was around 0.5 million, corresponding to forward flight transition conditions of a tilt-
duct VTOL aircraft. Shroud lip separation was identified as the angle of attack increased. The
experiments also uncovered that the propeller contributions to the overall forces and moments

were relatively small, highlighting the importance of the duct. Also, at different advance ratios, as

13
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long as separation appeared, the ratio of the propeller thrust to the total thrust grew rapidly. This
ratio, however, decreased with the duct AoA when stall was eliminated, suggesting that stall has
a detrimental effect on the duct’s performance. It is interesting that a modified lip geometry was
proposed to resolve lip stall, and was shown to be effective. This suggests that an asymmetric
duct design may be necessary, as also investigated by Bahram!*"l. However, it should be pointed
out that the stall boundary specified by this model-sized experiment is narrower than full-scale
experiments. The duct scale plays an important role in the stall characteristics. As concluded by
Mort?3! for ducted propellers that are big enough, e.g. those utilised by the X-22A and the VZ-4,
inlet lip stall can only be encountered at very high rates of descent. The reports provided detailed
geometric information about the blade and the duct, hence numerical validation can be made. In
particular, Xu et al. 3% simulated the experiment at the AoA of 50° using RANS. The stall on the
upstream side was predicted and visualised, then a modified lip shape was added to eliminate the

stall. Very limited data comparisons were made; nonetheless good agreement was achieved.

1.1.2 Recent Experimental Studies

A resurgence of ducted propeller research in industry started in the 2000s because of the growth of

interest in UAVs, PAVs, and electric propulsion. The models used in more recent experiments are

presented in Figures|1.8(a)|to[1.8(k) Recent efforts feature a combination of modern experimental

technologies and CFD simulations. However, it is noted that the scale of the models examined,
and the resulting Reynolds numbers and compressibility were hardly comparable to experiments
from the 1960s, as the recent research targeted mostly small-scale UAVs (such as in Figures
[1.8(e)l, [1.8(g)| and [1.8(1)l These studies often utilised very high RPM rotors (typically more than

8000 RPM) at low Reynolds number (10* ~ 10°). Such combinations do not represent high-
speed flight conditions, and can hardly be applied to large aircraft. Nevertheless, the tests are
briefly summarised in Table [I.T]| and some are further discussed in Section [I.3] Few experiments
utilised large-scale models and/or presented inspiring results for aircraft applications, and these are

summarised in detail.

14
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Figure 1.8: Recent experiments on ducted propellers.

Abrego and BulagaﬂmJ investigated a ducted propeller designed for PAVs. The ducted pro-
peller, as shown in Figure had a duct inner diameter of 38 inch and a 10-in duct chord. A
five-bladed propeller was installed. Two 3-in exit guide vanes were used to vectorise the flow. The

experiments accounted for various tunnel speeds, RPM, AoA, and vane deflection angles. The data
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and geometry were later adopted for CFD validation by Chang and Rajagopalan *8]. The sim-
ulated results matched the corrected experimental data, though the propeller was represented by
momentum sources. However, the detailed geometric information is not publicly available. Mar-
tin and Tung!**! examined a 2-bladed, 10-inch ducted propeller UAV(Figure , taking into
account variations of the tunnel velocity, AoA, RPM, tip clearance, and duct leading edge radius.
The performance of the ducted propeller, as well as, of the isolated propeller, were measured. Stall
boundaries of the isolated duct and the powered configuration were also identified. It was found
that increasing the tip gap would severely compromise the overall performance. The experiments
also reported that the flow appeared to separate after the rotor blade plane. The ducted propeller
model utilised in the tests was simple, and its purpose was to provide validation data for future
modelling. However, the geometry of the duct and the blade, including the location of the pro-
peller, are not explicitly defined in the paper. The experiments were later compared against panel
method calculations by Lind er al. ¥, and good correlation within the attached flow region was

achieved.

Akturk, and Camci et ql. BO2IZAE0141N42) carried out numerical and experimental stud-
ies on ducted propeller UAVs. They used PIV to measure the flow field outside a small ducted
propeller model!»!#l (Figure , and the measurements agreed well with CFD simulations,
where the rotor was represented by an actuator disk. The inlet flow distortion in crosswind con-
ditions was revealed. However, due to the geometry of the duct, the flow field inside it, and near
the blades could not be captured by the experiments. The free-stream speed was only 6m/s while
the rotor RPM reached 9000, which is typical for the ducted propeller UAV studies as mentioned
earlier. This is one of the few studies that first employed commercial codes and examined their
applicability for ducted flow simulations. Later, Akturk and Camci et al. also employed CFD

methods in their double ducted fan MBI 5n4 tip clearance studies |1.8(h))) [27)1a2]

More recently, Yilmaz and Erdem!*®) examined 5 different circular duct shapes using the
same 2-bladed propeller and a constant RPM (Figure [I.8(j)). The duct sections were defined by
several standard NACA airfoils or their combinations. The duct inner radius and the chord length

were kept at 0.2117m, while the free-stream speed reached up to 25m/s. The resulting Reynolds
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Table 1.5: Test matrix of ducted propeller tests by Yilmaz et al. [%)

Duct shape RPM V. /[m/s] u Tip clearance

NACAO0018, 0012, 4312,
731244312, M214+4312

7000 0~25m/s 0.08~0.4 0.038R

number based on the chord length was around half of Grunwald’s experiment. The blade geometry,
however, was not described in detail. The performance of the open propeller was measured at
different advance ratios for the purpose of further comparisons. The tests mainly explored effects
of the advance ratio and the duct shape on the overall performance, and found that as the advance
ratio grows, the thrust coefficient decreases and eventually becomes negative. A duct shape that
has higher profile camber and higher expansion ratio was shown to provide better performance in
the test. Also, the experiments showed that the propeller inside the duct performs poorer than the
open propeller, but the overall performance of the ducted propeller is better. Apart from force and
power coefficients, the velocity profiles at the inlet and exit were measured and the results were
presented. Pressure distributions along the duct inner surface were presented too. This case is
suitable for CFD validation despite the low Reynolds number, since the duct geometry is simple,
the propeller can be represented by a matched model, and the available measurements are quite

elaborate.

As most studies focused on the global shape, or the aft shape of the duct, Graf et al. 24!
specifically studied the inlet lip (Figure [I.8(d)). The study pointed out that the lip shape defines
the lip suction effect and alters the location of the pressure centre, which will further affect the
pitching moments. Four different lip shapes were tested at static and crosswind conditions. It is
found that an increased lip radius is beneficial for static performance, due to its ability to maintain
attached flow longer. However, the profile drag and the pitching behaviour brought by the lip
shapes were detrimental. Compromise should therefore be made between the best static and best
crosswind performance. It is also interesting that the two symmetric shapes tested, showed poorer
static performance, while shapes that generate a larger suction area in the inner surface were more
favourable. Nonetheless, the experiments aimed at UAV applications, and the Reynolds number

was low. Information on the model geometry and the detailed performance data was also restricted.
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1.2 Modelling Ducted Propellers

1.2.1 Theoretical and Low-order methods

Theoretical studies on ducted propeller performance using methods like the annular airfoil theory,
lifting line, blade element or panel methods etc. can be found in the literature since many decades
ago. ThwaitesH344] presented detailed analyses for a propeller inside a duct or tunnel based on
strip theory, in the early 1950s. Kriebel and Mendenhall®>! compared their theoretical analyses
against experimental data, though in many cases, where heavy disk loadings and flow separa-
tion were encountered, only qualitative agreement could be achieved. Pereiral®! also presented a
detailed theoretical study. More recently, Bontempo and Manna/*studied the exact solution of
incompressible, axisymmetric and inviscid flow through the duct enclosing a non-uniform actuator
disk. These methods can rapidly and quite accurately predict the performance in simple cases,
and are suitable for fast analysis, of preliminary designs, for parametric studies®!. However, in
many cases, especially where flow separation is encountered, such models can only deliver results

in qualitative agreement with test data.

Ahn and Lee” proposed an axisymmetric analysis and design method for ducted pro-
pellers, based on the extended stream-surface method by Ahn and Drelal”!l. Viscous effects were
not included. The study investigated the diffuser angle and inlet lip radius, as well as, propeller disk
models and tip loss models, but no validation was provided. The duct expansion angle was found
to be the dominant factor, as also suggested by many previous studies. The inlet radius was shown
to be less important. However, as evidenced by the experiments reported by Taylor H¢l smaller
lip radii may give rise to inflow separation at the lip. The computational resources required for
the aforementioned analyses were very small. Later, an open source code called DFDC (Ducted
Fan Design Code) by M. Drela er al. BAR2] was also reported (Figure [1.9(a)). The code calcu-
lates rotor(s) using a lifting-line representation, blade element models, and vortex sheets, while the
duct and center-body are accounted for using axisymmetric panel methods. The code is capable

of rapidly predicting the performance of ducted propellers that have multiple rows of rotors and
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Figure 1.9: Lower-order simulations of ducted propeller flow.

stators. It is also capable of quick design of ducted propellers given certain performance require-
ments. DFDC can be found deployed in several analyses and design studies, but its accuracy is not

widely validated. In addition, the code can only account for axial flight and steady conditions.

Lind et al. adopted panel, as well as, blade element methods based on airfoil tables
to model Martin and Tung’s experimentsﬂz_-’*|J for a 10-inch-diameter ducted rotor. The potential
flow method (Figure [[.9(b)) predicted the forces well at high rotor RPM (9000) and low free-
stream speed, for AoA up to 90°. However, the discrepancies in the pitching moment results were
stronger. It is also noted that no lip separation occurred. At high free-stream speeds, only low
AoA cases were compared. Nevertheless, the method required very low computer resources, and
was seen as suitable for preliminary analyses. Bi et al. 2] investigated ducted propellers designed
as aerodynamic propulsors for shipboard applications using panel methods for the duct frame,

and blade element methods for the propeller (Figure [I.9(c)). The simulations, investigated the

19



CHAPTER 1. INTRODUCTION

effect of variables including advance ratio, compressibility, blade twist, propeller location, and
tip clearance. The study showed a decrease of the duct thrust contribution as the advance ratio
increased. The inlet blockage was also investigated, and was found that it may induce significant
vibration on the fixed and rotating parts of the structure. Validation was made against experiments,
however, due to the proprietary nature of the model, quantitative comparisons were not publicly

available.

The aforementioned methods can effectively and quickly calculate static performance, but
can hardly account for flow separation and arbitrary flight conditions. Hence their usage is limited,
and corrections from tests may be necessary. Nonetheless, Ko et al. ¥ presented a commercial
code named AVID OAV (Figure [1.9(d)), which integrates various strategies and multidisciplinary
methods. To predict and optimise performance of ducted propeller UAVs, methods like interpola-
tions from empirical data for duct performance, actuator disks or blade vortex element represen-
tations of the rotor, empirical equations for control vane performance etc. were considered. The
predictions were in good agreement with wind tunnel and flight test data, and the code has been
used for several ducted propeller UAV designs such as the iStarl>?l. However, as mentioned above,

the commercial code aimed at UAV applications, and little information is publicly available.

1.2.2 CFD Simulations

The simulation of ducted propellers, with blades and stators resolved, is within the capability
of modern CFD methods and computers. Also, with the rapid development of commercial codes,
many CFD simulations on UAV configurations were carried out in combination with practical tests.
However, simulations of full-scale ducted propellers for propulsion purposes at high Reynolds

numbers are less common, and the same is true for ducted propellers with stators or guide vanes.

Simulation works are summarised here, as shown in Figures [1.10(a)| to [I.10(k), to show the ad-

vancements of CFD techniques, and suggest future development.

In early attempts, actuator disk models for the propeller and incompressible Navier-Stokes

simulations were considered. Rajagopalan and Zhang®*! used steady and incompressible Navier-
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Figure 1.10: CFD simulations of ducted propeller flow.

Stokes equations, and an axisymmetric reference frame to simulate propellers with and without a

duct (Figure|1.10(a)). The propeller was represented by a time-averaged momentum source term,
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which was defined by the blade geometry and sectional airfoils. However, the presented results
failed to capture the pressure jump on the inner duct surface caused by the propeller. Only the
propeller performance was presented, but no validation of the overall configuration was provided.
Later, using similar methods, Chang and Rajagopalan!*®l performed simulations and validated their
results against the Abrego and Bulagal®!l experiments. Though the propeller was modelled by a
momentum source and only axisymmetric conditions could be accounted for (Figure[I.10(b)), good
agreement with the corrected wind tunnel data was reported. Such combinations of actuator disks
and incompressible governing equations is common and cost efficient, especially for fast analyses
of UAV/MAV designs, but the axisymmetric restriction is usually prohibitive for more realistic
situations. In addition, the disk models should be tuned with caution, as the thrust distributions on
a propeller disk inside the duct differ considerably from that of an open propeller.

More CFD simulations with resolved propeller blades and compressibility effects accounted

[HON27142] conducted a series of combined experimental

for, appeared recently. Akturk and Camci
and numerical studies on double ducted propeller designs and tip clearance. Their simulation in-
cluded realistic blade shapes and various tip shapes (Figure[I.10(c)). Validation, at low Reynolds

numbers, proved that modern CFD methods are well-suited for ducted propeller flows. The exper-

iments by Grunwald and Goodson U8l were chosen for CFD validation by several researchers as

shown in Figures [1.10(d)} [1.10(e)| and |1.10(k)l As mentioned earlier, Xu ef al. *®! simulated the

case at the AoA of 50° using the exact geometry and RANS methods (Figure|1.10(e)). The stall on
the upstream side was captured and visualised. Then, the modified lip shape was added and was
shown to be effective in eliminating lip stall. Though good agreement with the experimental data

was achieved, very limited data was presented.

Sheng et al. P9 simulated a 24-inch diameter, 6-bladed ducted propeller in hover (Figure
[L.TO(f)), representing a simplified fan-in-wing configuration. The study focused on examining
effects of the blade twist and inlet lip radius. Comparisons between the ducted and open rotor
configurations showed the higher efficiency of the ducted propeller. The presence of the duct was
also shown to delay the blade stall at high blade pitch angles. This was expected due to the flow

acceleration at the duct lip. The influence of the blade twist was found to be consistent with open
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Table 1.6: Test matrix for the generic ducted propeller simulations by Jimenez and Singh 27!

RPM B/ldeg] u Blade twist/[deg] Emphasis
variations  1500,2000 5,10,15,19  0,0.06,0.11 -20,0,5 -
casel 1500,2000 5,10,15,19 - -20,0,5 hover
case2 1500 19 0,0.06,0.11 0 axial

propeller cases. The inlet lip radius was shown to have a significant impact on the hover efficiency,
as a larger radius mitigates inlet lip separation. It was noticed that flow separation occurred at the
lip, as well as, downstream the blade disk at static conditions. The study detailed the geometry
and test conditions, but relevant comparisons with experiments were not included. Numerical
simulations by Jimenez and Singh et al. P72 adopted a simplified and generalised geometry to
study the ducted rotor aerodynamics through modern CFD methods (Figure [I.10(g)). The test
conditions and geometry were elaborately presented. The test matrix is shown in table The
duct geometry from Mort’s!*?! experiments was used, but the propeller was replaced by a four-
bladed simple rotor with the sectional profile of NACA23012. Another combination of a Clark-
Y duct and NACAOO15 blades was also tested. No centre-body was considered. Performance
comparisons between the open and ducted counterparts were made in hover, at several rotating
speeds, advance ratios and collective angles. Some performance gain at low advance ratios by the
duct was observed. In their study, emphasis was put on propeller performance. It was found that
due to the duct, the outer portions of the blades carried a higher fraction of thrust, while the inner
parts were offloaded. Though no experimental validation was included, the study could be adopted
for future experimental or numerical validation. However, some of the flow conditions tested show

small shock waves on the blades.

More recently, Chen and Li et al. 2211631 modelled a tip-jet driven ducted propeller design
using URANS simulations, with the jet channel and the blade geometry resolved (Figure [I.10()).
Such a jet-driven design was used in lift-propeller configurations like the Ryan XV-5 (Figure
[I.3(b)). This design has a simple structure and only a minor fraction of the propeller’s torque
can be transmitted to the duct. The tip jet noise may, however, be substantial. Successful sim-

ulations of such a configuration demonstrated the capability of modern methods and computer
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hardware. Very recently, Rubio ez al. [0 carried out high-fidelity DDES (Delayed Detached Eddy
Simulation) simulations for small-sized coaxial ducted rotors (Figure [[.10(j)). The 2-bladed rotor
was scanned from a commercial quadcopter UAV. A high diameter-to-chord ratio duct was added.
Complex flow features were resolved in detail. However, it was noticed that the duct chord was so
short that it could barely cover the coaxial rotors. The simulations showed, for both single-rotor
and coaxial configurations, the tip vortices were restricted by the duct. The pressure fluctuations

were also altered by the duct, suggesting future use of the duct for acoustics control and reduction.

1.2.3 Optimisation Studies

While most simulations focused on validation or performance analysis, design optimisation based
on CFD methods has also been attempted. Schaller!®! developed an optimisation framework for
small-scale ducts, based on a genetic algorithm coupled with simplified CFD simulations using
momentum sources. The optimisation was shown to be effective for single-rotor and coaxial ducted
propellers, but the results lacked support from practical tests. Ye ef al. 2! (Figure1.10(d)) applied
global optimisation methods, based on response surfaces and neural networks, to Grunwald’s 18!
duct. The static thrust generation was improved by about 20%, but the validation using the static
case showed considerable discrepancy with experiments. Steady actuator disks instead of realistic
blades were adopted for the flow calculation, and performance at higher advance ratios was not

examined.

Very recently, the same optimisation case was revisited by Qing et al. [®1] (Figure
using similar but more detailed methods. It is very interesting to notice that the authors repli-
cated the hover tests by Grunwald"'®! using the same duct and blade geometry, though they used
variable RPM from 2,000 to 8,000. At the same test point, where RPM = 8,000, the test data
agreed better with the simulations by Ye ef al. >>! and Qing et al. 1| rather than with the original
experiments by Grunwald!!®l. In their simulations, Qing ef al. [°! employed the incompressible
RANS equations, in combination with a momentum source method by Rajagopalan!®! to repre-

sent the propeller. Response surface methods and Kriging Surrogate Models were utilised for the
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optimisation, while the overall FoM (Figure of Merit) was chosen as the cost function. The duct
inner surface geometry and the propeller chord and twist distributions were set as design variables.
The study featured an integrated optimisation of the propeller and the duct, and compared the
performance of orthogonal combinations of the base-line/optimised duct/propeller. The integrated
optimisation was shown to deliver the best performance in terms of FoM. The optimised duct had
a larger inlet lip curvature and a higher diffuser angle, resulting in higher suction pressure at the
duct lip and higher pressure at the diffuser. The optimised blade had an enlarged tip chord length
which was almost comparable to the root chord, while the minimal chord was moved to about 70%
span. The twist distribution was changed only slightly. The optimised blade was shown to have
the highest induced velocity. The combination of the optimised duct and the base-line propeller
caused massive separation on the diffuser surface, right after the rotor disk, and the performance
decreased substantially. This was due to an excessive adverse pressure gradient induced by the in-
creased expansion ratio A. The optimised propeller, however, brought no flow separation with such
large expansion ratio, due to the larger tip chord that injected more momentum into the boundary

layer.

However, the optimised propeller was not further validated or analysed using blade resolv-
ing CFD. Nonetheless, this study puts forward the significance of the integrated optimisation of the
overall configuration. A common drawback of studies that adopted actuator disks, is that disk mod-
els can hardly account for aerodynamic interactions. Therefore, the optimisation results, especially

for the propeller, may be inaccurate, and need to be further verified.

Optimisation with resolved blade geometries can rarely be found. Biava and Barakos[>%!
applied high-fidelity URANS methods to the analysis and optimisation of a ducted propulsor for
Hybrid Air Vehicles (Figure [1.4(b)). The simulation first accounted for the realistic shape of the
propulsor model, including the radiators and coolers (Figure , then gradient-based optimi-
sation was applied to the blade and the duct, respectively, using a simplified centre-body geometry.
Performance comparisons between the ducted and open propeller configurations were made to out-
line significant aerodynamic benefits brought by the duct, especially in static and low advance ratio

cases. However, the simulation pointed out that at high advance ratios, the duct is detrimental to the
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overall performance due to an excessive drag force. Optimisation of the blade twist and the duct
shape moderately increased the overall efficiency (by 2%). The optimised duct shape had a shorter
chord length and a larger exit radius. The calculated results agreed well with experimental data on
the same model. However, due to the proprietary nature of the propulsor, neither the geometry nor

the specific performance data (numerical and experimental) are publicly available.

1.3 Ducted Propeller Research Challenges

The ducted propeller studies discussed so far, focused on various aspects of duct design and per-
formance. It can be summarised that past studies tried to address 6 research aspects or challenges,

as shown in Figure These challenges are now discussed in detail.
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Figure 1.11: Ducted propeller research challenges.

1.3.1 Crosswind Effects

Non-axial inflow results in not only strong aerodynamic forces and moments on the duct, which
behaves like an annular wing, but also in imbalanced disk loading that further induces more se-
vere problems such as vibration. Flow separation at the inner or outer duct surfaces may also be

encountered. As mentioned earlier, the separation depends on the difference between the propeller
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power and the free-stream speed, the crosswind angle, and the inlet lip geometry. In fact, several
studies!!®1°0 on fan-in-wing types reported lip separation in hover conditions. It is argued that
there could be a critical lip radius of 6% duct diameter, below which separation would take place.
However, as tested by Graf er al. 4], flow separation was also observed with a radius of 12.5%.

Further studies on lip effects were suggested by the researchers.

For tilt-duct aircraft, stall boundaries, as shown in Figure need to be specified to guide
the flight attitude. The crosswind effects are especially common and severe for ducted propeller
UAVs, since they tend to fly forward in an edgewise attitude and the Reynolds numbers are rel-
atively low. Similarly, up-stream side flow distortion and separation result in an increase in drag

forces and nose-up pitching moments.

[o] 10 20 30 40 50 60 70 80 90 100

Figure 1.12: X-22A duct lip stall boundaries/M?/4%

Several methods have so far been proposed to alleviate the crosswind effects, though mostly
validated for UAV applications. A double-duct ducted propeller concept was proposed by Camci
et al. WO The idea is to surround the duct with a larger secondary duct. The outer duct is used
to adjust the wall static and dynamic pressure allocation, thereby eliminating the inner duct lip
separation. Camci et al. conducted CFD simulations using actuator disks, and their effectiveness

was compared. However, no comparisons with practical tests can be found.

Myers!®l proposed a more straightforward solution by adding vents at the forward flying

side of the duct. The vented side almost gives up all benefits brought by the duct, and the asym-
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metry brings more imbalanced forces. Mechanisms can be introduced to actively open or close
the vents according to flight conditions. Grunwald"®l proposed and examined an increased-radius
lip solution that could effectively delay the inner surface separation. His solution resulted in an
asymmetric duct since only the upper-stream lip was modified. Similarly, Bahram®! examined
asymmetric duct (Figure configurations, aiming at tilt-duct UAV applications, both exper-
imentally and numerically. Comparing to a symmetric configuration, the asymmetric duct can
provide lift forces and smaller force fluctuations during the transition from hover to axial flight.
Nonetheless, such a solution may compromise the static performance and bring complexities in

the duct geometry.

Actively morphing the duct geometry would be a much better solution for controlling flow
separation. Ohanian!*®l and Kondor!®”! applied synthetic jets at the inlet and outlet to insert mo-
mentum into the boundary layer, thereby triggering or suppressing flow separation. Further, inlet
flow separation can be used to decrease the thrust. Such active flow control technique, that can be
seen as a “virtually morphed geometry”, can be an effective way to exert control upon the perfor-
mance at low speed cases. Its effectiveness on high-speed though needs to be verified. Applying
collective and cyclic pitch control to the propeller blades, as implemented by Colman et al. 18,
may also be an effective solution, but requires complex mechanisms and will have to be integrated
in the small center body inside the duct. Inlet guide vanes may also be effective in terms of regu-

lating the inflow ahead the rotor disk[®!.

Complexity, effectiveness, efficiency, and performance penalties should all be considered
to determine the optimal choice. However, whether crosswind stall remains a severe problem for
propulsor applications is arguable. As concluded by Mort!*3l, the scale of the duct plays an impor-
tant role in the stall characteristics. For ducted propellers that are big enough, e.g. those utilised by
the X-22A and the VZ-4, the inlet lip stall can only be encountered at very high rates of descent.
Also, in Figure it can be observed that only mild up-stream inlet stall was encountered during

the transition from hover to high-speed flight.
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1.3.2 Tip Clearance

The clearance between the duct inner surface and the blade tip leads to tip leakage flow. The
presence of the duct significantly surpasses the extent of the blade tip vortices and regulates the
flow to align with the duct surface, given a small tip-duct clearance. Several experiments, for
instance Martin and Tung’s wind tunnel tests!**! on a 10-inch-diameter ducted propeller, showed
that the gap between the blade tip and the duct inner surface, significantly influences the overall
thrust and the propeller/duct thrust partition. Increasing the tip gap resulted in the thrust dropping
quickly. It is also very difficult for wind tunnel experiments to investigate flow features of the tip
leakage, due to the geometry of the duct, the very small tip clearance, as well as the blade rotation.

CFD simulation represents a better choice in this respect.

1071 to study the tip-leakage flow. Although

Oweis et al. carried out a series of experiments!
focused on marine applications, their experiments revealed that the size of the primary tip vortex
is of the order of the tip clearance, and is not strongly dependent on the Reynolds number, or the
boundary layer thickness. Akturk and Camcil*”! combined numerical and experimental investi-
gations for a 599 mm-diameter ducted propeller in hover, and confirmed that a smaller tip gap is
beneficial. As shown in Figure through CFD flow-field visualisation, it can be seen that the
primary leakage vortices impinged on the neighbouring blade, and the total pressure losses were
noticed. As the tip clearance increased, the blade-vortex interaction region grew larger towards
the mid-span. They also proposed several blade tip treatments®*4l, including modifying blade tip
shapes and adding tip squealers, to mitigate the performance loss by reducing the leakage vortex

strength or changing its trajectory. Matin ef al. 7]

proposed a solution by adding a backward step
on the duct inner surface near the rotor disk, but its effectiveness was not strong. More treatments,
in terms of blade tip shape and duct shape modifications, or active flow control methods, should be

studied and applied to aircraft applications.

Recently, Ryu ez al. 73] studied the effect of tip clearance for a counter-rotating coaxial
ducted propeller UAV. Wind tunnel tests were conducted to validate the CFD simulations, while

the flow details were studied using CFD. In that study, increasing the front and rear tip clearance
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Figure 1.13: Relative total pressure comparison with different tip clearances !4/l

caused the FoM to drop consistently. However, a smaller front rotor tip clearance, in combination
with a larger rear tip clearance, delivered the maximum thrust observed. The thrust gain came from
the rear rotor. This indicates that in a coaxial configuration, interactions between the two rotors

add more complexity, and more detailed analysis is necessary.

1.3.3 High-speed Performance

As investigated during many of aforementioned experiments, given the same propeller RPM, the
efficiency of the ducted propeller decreases as the advance ratio increases. However, the ratio of
the propeller thrust to the overall propulsion increases in the mean time, indicating that the duct’s

contribution is diminishing fast.

In high speed axial flight, the drag of the shroud may outweigh its benefits if not carefully
designed. Early experiments by Kriiger?! studied a high speed, high thrust loading ducted pro-
peller model, aimed at reaching 400 kg of thrust at 80 km/h, and at an altitude of 8.6 km, when
scaled to full size. The results showed that as the forward advance ratio increases, the propeller

thrust coefficient can be maintained with larger blade pitch, but the duct thrust drops quickly and
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consequently the overall thrust decreases with increasing advance ratio. The experiments also sug-
gested that high speed efficiency can be significantly increased by adopting shroud profiles with
smaller chord and thickness, yet this is accompanied by a static performance penalty (that could

sI18] also found that the propeller

be mitigated by an outward nose ring). Grunwald’s experiment
to overall thrust ratios increased from 40% to 70% as the forward advance ratio increased from

0 to 0.595 at zero angle of attack, indicating a reduction of the duct efficiency at high speed. As

shown in Figures|1.14(a)|to|1.14(c)| the experiments of Abrego and Bulagal*!! on a 38-in diameter,

fixed-pitch ducted propeller, showed that with increasing advancing ratio, the thrust coefficient and

efficiency drops quickly.
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Figure 1.14: Ducted propeller thrust, power, and Figure of Merit changes at increasing advance
ratios in axial flight tested by Abrego and Bulaga 2!/,

More recently, Biava and Barakos3! investigated the effect of the duct using high-fidelity
CFD methods and concluded that the duct has a significantly positive effect on the overall thrust
and efficiency at low speeds. As an extreme, at zero propeller advance ratio the ducted propeller

could generate 24% more thrust with 25% less power. The visualisation of the flow-field pointed
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out that the rear part of the duct serves as a diffuser to slow down the wake speed and increase the
static pressure, thereby increasing the overall thrust comparing to the free propeller. The efficiency,
however, gradually decreases as the advance ratio increases and eventually becomes negative. It
is reasonable to conclude that the deficiency is mostly attributed to the greater duct drag caused
by the higher speed. Geometric optimisation of the duct rear part was also applied, resulting in a

shorter chord length, and a higher expansion ratio, bringing a small performance improvement.

1.3.4 Noise Emission

The ducted propeller noise is a separate topic of research. Noise emission of propellers enclosed
by a duct of finite/infinite/semi-infinite length has attracted great research interest during the past

(7411

decades. Applications can be found in turbofan/turbomachinery?#IZ3I176] and environment con-

trol devicel”l noise predictions. A more comprehensive review in this respect can be found in

referencesm] 1220 (80 (810 .

The ducted propeller noise mostly comes from the rotating propeller and interactions of its
wake with the stator/vane. The presence of the duct substantially modifies the acoustic character-
istics of a rotating fan/propeller. Stronger radiation directivity and noise reduction, compared to an
open propeller, are the two major features as confirmed by several calculations and experiments.
Since the first work by Tyler and Sofrin!®2l in the 1960s, theoretical/numerical analysis of duct-
rotor acoustics has seen significant development. Dunn et al. 13 presented a boundary integral
equation method for ducted propeller noise prediction, and a prediction tool named TBIEM3D!54!
was developed. The methods were examined by simulating the noise emission of a 20-bladed pro-
peller located in the middle of a finite length duct. Twenty spinning point dipole noise sources
were placed symmetrically on the propeller disk, and the results clearly showed the directivity of
the ducted propeller noise radiation. In their study, the acoustic pressure was shown to be con-
centrated around 45° off the rotor rotation axis up-stream and down-stream. The axial and normal

directions were left to have minimal sound radiation. The results were compared later by Wang

et al. 1831 using FW-H based methods, and good agreement was noticed. That study complements
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Hubbard’s early experiments!*l. Choi ez al. 16! simulated the discrete tones of a ducted acoustic
source, and also suggested a similar directivity pattern and noise reduction, due to the presence of
the duct. Dunn et al. 183 also included lined surfaces to evaluate the noise reduction. It was found

that inlet and outlet lining is very effective in mitigating the noise radiation.

Most studies mentioned earlier focused on many-bladed, high solidity fans. Though phe-
nomena such as duct reflection and scattering, and rotor/stator interactions, are believed to be
similar, fewer analyses can be found for lower solidity ducted propellers. Differences in the blade
number, RPM, pitch angle etc. may result in a shifted characteristic spectrum. As mentioned ear-
lier, Hubbard"#! compared sound-pressure measurements of five duct-propeller combinations in
hover, with an open propeller at approximately the same rotational speed and power. The geome-
tries of the 4 ducts, and the 2 blades tested, along with the test conditions were reported in detail.
Total sound pressure, measured 30 feet away, produced by the two-blade shrouded propeller, was
constantly lower at all measured angular stations, given no flow separation was present. The max-
imum measured value was around half that of the open propeller. The measurements also showed
clear directivity of the sound radiation. The maximum value was around 70° relative to the ro-
tation axis downstream, while another smaller spike was spotted at about 50° upstream. Lower
values were noticed in axial and normal directions to the outer duct surface, with the lowest values
along the inflow axis. The results showed that the duct reduced the strength of radiated sound
and redistributed the sound energy in different directions. However, when the RPM and rotor
power were slightly reduced, and flow separation was present at the inner surface near the inlet
lip, excessive sound pressure was recorded. The measurements were almost twice as high as the
two-bladed open propeller in all directions, and the directivity pattern was maintained. The tests
also investigated factors such as the duct chord length, tip clearance, tip speed, and blade num-
ber. It was eventually concluded, as also briefly summarised by Bulagal®”! later, that many factors
which promote the aerodynamic performance also reduce noise emissions, e.g. smaller tip clear-
ance and avoiding flow separation. Reduced RPM and increased blade numbers provided better
acoustic performance, while the duct chord length had minor effects on the acoustics. The tests,

however, were conducted outdoors, hence environmental uncertainties could not be eliminated.
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Regardless, the study revealed that separation, which was likely to appear at low rotational speeds,
leads to higher sound pressure levels. Hubbard’s works provided the exact geometry of the ducts
and blades (including blade sections). However, limited aerodynamic performance data, which

was extracted from the duct surface pressure measurements, was presented.

Recent small-sized experiments reported insignificant or negative noise reduction due to the
duct. Martin and Boxwell”?! studied the acoustic characteristics of a 10-inch-diameter ducted
propeller UAV. They concluded that the shroud does not alter the blade passage frequency noise,
but increases the level of the broadband noise component. The influence of the tip clearance was
reported as insignificant, but the separation at the inlet lip was found to increase the broadband
noise contributions. Rhee and Myers et al. 28] also conducted a series of wind tunnel tests to study
the acoustic characteristics of the ducted propeller without crosswind effects. The comparisons
showed that the noise level of the ducted propeller was slightly higher than for open rotors when
producing the same thrust. The directivity feature of the ducted propeller noise was also presented,
and was shown to be consistent with Hubbard’s tests/'*]. They suggested that a perforated liner
installed inside the duct would effectively reduce the noise. Reasons for the opposite conclusions

are not certain, but they might be related to the low Reynolds numbers and flow separation.

Very recently, Malgoezar et al. 88 conducted acoustics experiments on a 30-cm-diameter
ducted propeller with a Clark-Y profile. Variations of acoustic source types (an omni-directional
source and a propeller) and cases at advance ratios were considered. Comparisons were also made
between the ducted and the isolated configurations. The duct was shown to have a significant
impact on the frequency distribution and directionality, and noise reduction could be noticed for
cases with inflow. For static, hover state, however, noise increase was observed for most harmonics,
while the frequency distribution resembled more an omni-directional source. Beamforming was
then utilised to discern the acoustic sources, and a new noise source is identified at the duct leading
edge. It was argued that the resonance of the duct and the interaction between the blade vortices

and the duct boundary layer were the reasons behind the noise increase.

Compared to an open propeller, the acoustic performance of the ducted propeller can be ex-

pected to be superior, as the duct provides a basis for further nose treatments e.g. inlet/outlet liners.

34



CHAPTER 1. INTRODUCTION

Further experiments and high-fidelity simulations on ducted propeller noise should, however, be
carried out to explore the acoustic benefits. For future VTOL aircraft, ducted propellers show great

potential especially on stringent noise limits to be imposed on future rotorcraft.

1.3.5 Control Systems

Effective and efficient control of ducted propeller performance is another aspect of this survey.
Guide vanes are more commonly deployed to vectorise the propulsor thrust. For UAV applications,
several methods, as mentioned earlier, such as active flow control at the inlet and outlet!20l67]

cyclic pitch control of the blades!®®l, inlet spoiler 22!, exit rotating cylinder using Magnus effects/32/20]

etc. show potential for application. Nonetheless, their actual effectiveness and efficiency on aircraft

applications remain unclear.

The inlet vanes are capable of altering the effective blade pitch angle, thereby adjusting the
overall thrust distribution. In fact, the inlet guide vanes are also useful for regulating the inflow and
alleviating the inflow distortion. Outlet vanes, as shown in Figure are better for deflecting
the flow and generating side forces. Nevertheless, all guide vanes bring blockage and weight.
Gilmore and Grahamel®! tested inlet and exit guide vanes on a 28.56-in diameter, fan-in-wing
ducted propeller model in transitional flight. Ten inlet vanes were allowed to turn individually
according to the inflow conditions, while the exit vanes were linked collectively. The experiments
showed that the transition performance was improved, by using the inlet vanes for inflow regulation
and the exit vanes for aircraft control. As expected, a small performance penalty at static conditions

was noticed.

Experiments of the 4-foot ducted propellerd! [34] a]so examined both inlet and outlet guide

vanes. The experiments concluded that the exit vanes are more effective than the inlet vanes.

As shown in Figures [1.15(a)| and [1.15(b)| tests by Yaggy and Goodson *4! showed that the vane

deflection could effectively alleviate the overall pitching moment due to crosswind. Abrego and
Bulaga 1] examined a ducted propeller with two 3-inch chord exit vanes, and concluded that exit

vanes with flaps are effective in generating side forces. Using a symmetric installation of vanes

35



CHAPTER 1. INTRODUCTION

MODEL WITH DUCT EXIT VANE

s ST S

VANE CHORD

(a) Outlet guide vane configuration.

EXIT VANE ANGLE/FLAP ANGLE

[11]
S 2400
E 10%/0°
52000
(71
3 20%0°
i 1600 | 10%/20°
=
5
2 1200
a
800l v 1 ' l i |

10 20 30 40 50 60 70
AIRSPEED, KNOTS

(b) Reduction in the pitching moment due to the vane deflection.

Figure 1.15: Duct outlet guide vane tests by Yaggy and Goodson #4.

and deflection angles (440°) the force coefficients were not symmetric, and with zero deflection,
slightly positive side-forces were generated. This might be the result of manufacturing defects
of the model, as suggested by the authors, but it may also be related to the tangential induction
of the rotating rotor. Mort and Gamse [l worked on a full-scale ducted propeller with a large
vane, and showed symmetric force changes against symmetric deflection angle changes. They
also reported that at positive vane deflection angles, the effectiveness of the vane was significantly
lower than expected as the cross wind angle was increased. Such asymmetry may also be related

to the arrangement of guide vanes. For most tests mentioned herein, the vanes were aligned either
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in columns or rows, which in itself represents an asymmetry. Other arrangements, such as even

distributions along the radius or angular directions, should be considered and evaluated.

Active flow control and cyclic blade pitch control might be possible solutions, as well, but
performance penalties should be carefully evaluated. It is to be noted that only few experimental

studies considered the effect of the guide vanes, and relevant numerical studies can hardly be found.

1.3.6 Coaxial Ducted Propeller Systems

Adding a second row of rotor blades to the ducted propulsor is important either for emergencies or
torque balancing. As mentioned earlier, the contra-rotating coaxial design is also essential to make
the ducted propeller a compact, removable propulsion unit, which has great potential for future
eVTOL aircraft. However, as stated earlier, more complexity in performance analysis should be

expected due to the interaction of the two rotors.

Concerning the contra-rotating coaxial ducted propeller system, few studies can be found in
the open domain and most focused on UAVs, such as the Sikorsky Cypher UAV developed in the
late 1990s. Leel®!! tested both contra-rotating and single-rotor ducted propeller UAV models. It
was found that, in contrast to the ducted single rotor, shrouding a contra-rotating rotor does not
always deliver better performance. Sensitivities to different design parameters, e.g. inlet radius,
tip radius, and propeller location, are important. Based on Lee’s work, Geldenhuys®?! studied a
similar coaxial system numerically, using the same duct geometry but used a different rotor design.
The DFDC code and incompressible CFD simulations were used for the analysis. The results and
experiments matched well, in general, but differences were presented for several cases. It is no-
table that the DFDC configuration file and elaborate geometric information were provided, making
it possible for further validation and investigation. Jiang et al. I°*! conducted combined numerical
and experimental studies on a general coaxial ducted propeller configuration. The study mainly
investigated three factors: the blade pitch angle, free-stream speed and the rotor spacing. Com-
binations of these factors gave distinct performance results, yet the CFD results agreed with the

experiments very well. Nemnemer al. I°*! discussed the parameters of coaxial ducted propeller de-
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sign, but the study lacks the support from either experiments or simulations. Overall, performance

and determining factors of the coaxial ducted propeller need to be further investigated.

1.4 Summary of the Literature Survey

In summary, previous research works suggest that the ducted propeller concept has promising
aerodynamic and acoustic benefits, and it could be the promising choice of auxiliary thrust or lift
for novel rotorcraft configurations. Yet more quantitative investigations are needed to understand

the aerodynamics and acoustics.

Early experiments examined the ducted propeller concept mainly using balance measure-
ments, although mostly focused on the performance examination of specific designs. Nonetheless,
improved aerodynamic performance was reported at low speeds, while the high-speed performance
was found penalised. Modern experiments employed more advanced measurements such as PIV
and wake survey, but the research works mostly focused on small-scale UAV applications. The
Reynolds numbers and compressibility effects are hardly comparable to early experiments. Nev-
ertheless, many modern studies attempted to look into specific aspects such as duct shapes, tip
clearance, flow control, etc. These results can be indicative for future ducted propeller designs.
Still, experiments typically struggle to measure detailed flow features due to the duct blockage and
blade motions, which hinders the understanding of the flow physics. This highlights the need for

numerical methods for the flow investigation.

Theoretical and lower-order methods are available for the performance prediction of ducted
propellers, but their accuracies are limited by stringent assumptions and simplifications. They are
suitable for fast preliminary designs but are incapable of complex conditions such as crosswind.
High-fidelity CFD approaches are necessary for the accurate performance prediction of ducted
propellers. The simulation is within the capability of modern CFD methods, and a few high-fidelity
numerical studies using resolved blades emerged in very recent years. Still, the simulation remains
challenging due to the complex geometries, motions, and flow features. In addition, effective

design optimisation is enabled through high-fidelity simulations, but few studies in this respect can
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be found, especially with blades resolved.

From previous studies, it is learnt that the ducted propeller has improved aerodynamic per-
formance at low advance ratios and poorer performance at high advance ratios, and this is likely
caused by the increasing duct drag. However, further investigations are needed to understand how
the additional duct thrust is resulted, and how it is affected by the axial speeds, duct shape, or
propeller suction. It is also not clear how the duct thrust is converted into drag forces subject to
increasing axial speeds. It is also unclear whether the performance penalty can be avoided by
changing the blade pitch or the duct shape. Coaxial designs or swirl recovery systems could also

be considered to further improve the performance.

The ducted propeller noise emission is another important topic of interest for the current
study. Few studies looked into the acoustic performance of ducted propellers but mostly concluded
noise reductions due to the duct blockage. Such a noise reduction is very promising for future ro-
torcraft operating in urban environments. Yet few data are available for quantitative comparisons
or further investigations into the physics. With high-fidelity CFD simulations, it is feasible to ex-
tract and study the near-field acoustic features directly from the flow solutions. Far-field acoustics

can also be computed upon near-field flow solutions.

At crosswind, the ducted propeller often generates large sideways forces and moments. Flow
separation at the duct surface is also expected at very high crosswind angles. It is of interest to
understand how the performance changes responding to the crosswind angles and how the sideways
loads are resulted, and what is the working condition of the ducted blades at crosswind. Thrust
vectorising devices, such as exit guide vanes, could also be employed to mitigate the sideways

loads. These results are important for rotorcraft applications considering the main rotor downwash.

Overall, exsiting research work on the aerodynamic performance focused mostly how the
aerodynamic forces and moments change at different operating conditions, and rarely further ex-
plored the flow physics behind these changes, due to limitations such as experimental methods or
numerical fidelity levels. Design optimisation studies can be found but mostly used reduced-order

modelling of blades for simplicity. In term of acoustic investigation, experimental studies were
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rare and most numerical investigations suffer from the modelling fidelity.

In light of these, the current thesis aims to comprehensively and systematically investigate
the aerodynamic and acoustic performance of the ducted propeller concept using high-fidelity
methods, and to assess its application on future novel rotorcraft configurations. For the aero-
dynamic investigation, this thesis focuses on the performance at high axial speeds and crosswind
conditions. Apart from conventional aecrodynamic loading evaluations that are common in previous
studies, this work aims to further explore the flow physics using high-fidelity methods to under-
stand how the ducting benefits are resulted and changed at different conditions. Moreover, this
works also aims to evaluate the ducted propeller performance under non-uniform downwashing
flows to assess its performance on future novel rotorcraft configurations, which is rarely explored
in the literature. High-fidelity design optimisation study with blades resolved is also among the
objectives to explore how changes in the geometry and in the installation position can improve the
perofrmance. For the acoustic study, this thesis aims to investigate the near- and far-field noise
features of the ducted propeller concept in axial flight. The fly-by noise evaluation is also among
the objectives to explore how the noise dynamically changes while the propulsor unit is in motion.
In addition, comparisons with the open propeller concept are presented through out to bring out

the advantages and disadvantages of the ducted propeller concept.

This thesis on ducted propellers for applications on novel rotorcraft configurations is organ-
ised as follows. Chapter [2] details the numerical methods proposed and employed for the current
numerical study. Chapter |3| presents the validation of the employed geometry, meshing, simu-
lation strategy, and numerical methods. Chapter 4f analyses and compares the aerodynamic and
acoustic performance of ducted and open propellers at various conditions. Chapter [5] presents an
optimisation study of ducted propellers for improved performance at high advance ratios. Far-
field acoustics of the optimised designs is also presented. Chapter [6]investigates the performance
and aerodynamic interactions of the ducted/open propellers installed under a main rotor. Chapter
proposes a simplified modelling approach for rotor/propeller aecrodynamics. An optimisation
framework for minimised aerodynamic interference by altering the propeller position is also pre-

sented and examined. Conclusions and future works are summarised in Chapter [§] Last but not
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least, a parametric study of the equivalent ducted/open propellers is presented in Appendix [Al The

far-field acoustic code built for the current study is also presented in Appendix
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Chapter 2

Numerical Methods

This chapter details the numerical methods employed and developed for the aerodynamic, optimi-
sation, and acoustic investigations in this study. A novel implementation method of actuator disk
models in the Helicopter Multi-Block 3 (HMB3) solver is put forward. A new automatic grid gen-
eration framework is also detailed. Various optimisation methods and frameworks constructed for
the ducted propeller and rotorcraft configuration optimisation are also elaborated. Acoustic meth-
ods and a new acoustic solver is also presented. Advantages and disadvantages of the methods, as

well as, the reasons they are used in this study, are discussed in detail in this section.

2.1 Helicopter Multi-Block 3 (HMB3) Solver

All flow simulations performed in this thesis are performed using the Helicopter Multi-Block 3
(HMB?3) Solverl®96:58] The HMB3 solver is an in-house CFD solver based on the finite volume
discretisation of RANS equations with a variety of turbulence modelling options. It also supports
various mesh methods, e.g. mesh motions and deformations, sliding planes and overset grids. The
HMB3 solver has been widely used in previous rotorcraft [°2 28I studies, and rotor and wind turbine

simulations!®? 100101
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2.1.1 Governing Equations

The governing Navier-Stokes equations describing the conservation of mass, momentum, and en-

ergy can be written in the following dimensional tensor form

(pu,uj —|—P5"—Tij) =S; ) (2.1

8
ai(pE) ai(puJE—kPuJ—H]] u,-’c,-j):Se

\
where p is the density, u; is the velocity component, and P is the pressure. §;; is the Kronecker
delta. E is the total energy per unit mass, which is a combination of the internal energy e and the
kinetic energy following E = e +u,u; /2. S; and S, represent any momentum or energy sources, re-
spectively. In the present research, the source terms are involved when using the rotating reference

frame and actuator disk models, which will be elaborated in later sections.

Here, 7;; is the viscous stress tensor that can be detailed as

duj  duj, 2. duy
Tij = — —5,' i— | . 2.2
i = [(axﬁa,-) 3% 5, (22
The molecular viscosity u is evaluated through the Sutherland’s law
3/2
T Ty + Ts
= — 23
M= Ho (To) T+ 75 (2.3)

where U is a reference viscosity at the temperature 7p. These values are taken as to = 1.7894 x
1073 kg/(m.s) and Ty = 288.16K throughout the present work. Ty is the Sutherland temperature
taken as 7g = 110.4K.

The heat flux ¢; in Equations[2.1| can be written as

u oT

P Prox’ (2.4)

qi = —

Cp is the flow heat capacity at constant pressure. Pr = 0.72 is the laminar flow Prandtl number. T

is the fluid temperature.
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In this work, the governing equations are further cast into a dimensionless and more gener-

alised form through a set of reference values as follows

* * t*
Xi = x_l7 U= 4 , I = —, (25)
Lref Vref tref
* * p*
p=Ltu=t = (2.6)
pref .uref Prer,ef
* et
T=c\ e=—, Q2.7)
Tref Vref

where the subscript * denotes values with real dimensions, and the subscript refers to the reference

values.

The dimensionless form of the three-dimensional Navier-Stokes equations can be written in

the following differential, vector form in a Cartesian coordinate system as

OW  I(F-F) I(G-G) IH-H

ot ox Jy 5 > 28)

where W is the conservative variable vector. (F,G,H) and (F¥,G",H") are the convective and
viscous flux terms, respectively. The term S on the RHS is non-zero when there are surface or

volume sources.

The conservative variables W and the convective flux terms (F, G, H) are written in full as

P pu pv pw
pu pu® +P pvu pwu
W= |pv|.F=| pw |,G=|p?+P| . H=| pwv [, (2.9)
pw puw pvw pw2 +P
pE puH pvH pwH

where H is the total enthalpy.

The viscous flux terms (F¥,GY,H") are written in full as
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1
= E [07 Txs Txys Tz, UTxx + Vixy Wl — qx]T ’
1
G'= Re [07 Txys Tyys Tyz, UTxy + Vyy + Wlyz — qy]T ’ (210)
1 T
H' = Re [0, Tz, Tyz, Togy UTee + VT +WTr — g2

Here, Re = PrefLiefVier [ Wre ¢ 1s the Reynolds number. To close the system, the governing
equations also require the following ideal gas relations describing the correlations between the

total enthalpy H, total energy E, internal energy e, pressure P, density p, and static temperature 7'

P 1
H:E+E, E:e+§(u2+v2+w2), (2.11)

P=(y—1)pe, T = yMafefg, (2.12)

where y = 1.4 is the specific heat ratio. Ma,ey = Vyor /Cre 7 18 a reference Mach number resulted

from the nondimensionalisation, with ¢,.r = \/YPref /Pre r being the reference sound speed.

2.1.2 Spatial Discretisation

Following the method of lines, the governing differential Equation [2.8|is first discretised in space

in the HMB3 solver. The differential equations are put into integral forms as

i/// de+// (F—FV,G—GV,H—HV)-ndS:// Sav.,  (2.13)
dt JJJv@) oV (1) V()

where V(¢) is the control volume with dV () being the boundaries. Note here that the volume
is a function of time to account for time-dependent motions. The Arbitrary Lagrangian Eulerian
(ALE) formulation is hence used here, and the time-dependent mesh velocities are included in the
velocity components of the flux terms. (F —FY,G — GY,H— H") are the combined convective and
viscous flux vectors as in Equation n is the volume surface normal vectors pointing outwards.

S is again the source term vector which will be detailed later.

The integrations in Equation [2.13] are evaluated following the cell-centred Finite Volume

method (FVM) on fully-structured, multi-block grids in HMB3. Osher’s upwind scheme!!04 is

45



CHAPTER 2. NUMERICAL METHODS

used to discretise the convective flux terms for the stability and accuracy. The 3"?-order MUSCL!H!
(Monotone Upstream-centred Schemes for Conservation Laws) variable extrapolation is adopted
here to improve accuracy. To prevent spurious oscillations around discontinuities, the Van Al-
bada limiter %4 is implemented. The viscous terms are discretised using 2"¢ central differences.
Boundary conditions are implemented through ghost cells in the exterior of the computational

domain.

The partial differential equations in Equation are eventually assembled as a system of

ordinary differential equations in time as follows

d
o (WijxVijk) +Rijx(W)=0. (2.14)

where i, j, k denotes the cell index, and V; ; i is the cell volume. R is the residual vector containing

the integrations of the convective and viscous flux terms, as well as, the source terms.

2.1.3 Temporal Discretisation

The ordinary differential system of Equation can be typically solved using forward or back-
ward finite difference schemes in time, leading to explicit or implicit schemes, respectively. In
general, the explicit scheme depends solely on already known values and is hence easy and sim-
ple to implement, but it suffers from restricted time step sizes due to the numerical stability. In
comparison, the implicit scheme suffers less from the stability and can use much larger time steps.
However, the implicit scheme has non-linear formulations due to the inclusion of unknown vari-
ables in future time steps. To solve the non-linear formulations, the popular approach is to linearise
the non-linear systems into linear systems with a little sacrifice of accuracy, and solve the linear
system using iterative methods.

In practice, both explicit and implicit methods are widely used. For simulations focusing on
flow features with very small time scales, e.g. DNS (Direct Numerical Simulation) simulation of
turbulence structures, the use of explicit schemes such as multi-stage stepping is suitable and easy.

The implicit scheme brings more complexity and poses more requirements on the computational
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resources, but the benefits of larger time steps still outweigh the drawbacks in many occasions for
engineering applications. For simulations of flows dominated by large time scales, such as rotor
flow-fields that are mostly dominated by the Blade Passing Frequency (BPF), implicit schemes
with large time steps are more favourable. In particular, for steady state solutions evolved from
initial conditions, the implicit scheme is especially suitable. In the current study, implicit schemes

are used for both steady and unsteady problems as detailed in the following subsections.

2.1.3.1 Steady State Probelms

The current work follows the popular time-evolving approach for steady state problems and uses
the backward Euler formulation to discretise the the ordinary differential system of Equation [2.14]
The implicit scheme for discretisation in a specific cell at index (i, j, k) is as follows

Wn—H — W R(wn-H)

_ 2.15
At \% ( )

the superscript n denotes the n’* time step at nAr, and n+ 1 refers to the next step. V is the local
cell volume. Equation [2.15]is essentially a set of non-linear algebraic equations. It can be typically

solved by linearising the residual term R using

R(W™H) = R(W") + %—?(W”)At + 0(Ar?)
JR oW
~ n n 2.16
R(W)+m (W)atm (2.16)
. OR

where AW = W1 — W”_ Equation now becomes a linear system

V. OR,__. B n
{EH—W(W )} AW = —R(W"). (2.17)

Solving such a linear system using a direct approach is prohibitive due to its large size and
strong stiffness. Alternatively, the linear system is solved using a Generalised Conjugate Gradient

(GCG) method considering its accuracy, efficiency, and reasonable memory requirements. A Block
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Incomplete Lower-Upper (BILU) factorisation 191 is used for the preconditioning of the system.
In the early stage of this implicit scheme, a few explicit iterations are performed using the forward
Euler scheme to provide a fine initial solution. An approximate Jacobian matrix H%!, which is
more diagonally dominant and with fewer non-zero entries, is used to reduce the CPU time and

memory requirements.

2.1.3.2 Unsteady State Problems

For unsteady calculations, the implicit dual-time stepping approach proposed by Jameson M7 js
adopted. The idea is to use an implicit scheme with a larger stability region, and to solve the
implicit equations at each real time step using inner iterations as steady state problems in the
pseudo time. In practice, such an approach allows the same steady solver to be re-used and retains

its advantages in unsteady computations, and is hence widely used for unsteady CFD problem:s.
The ordinary system of Equation [2.14]is first discretised in real time using the following
implicit scheme
1 3wnHl_qwnr o wel g

—R* = —R(W*1 =, 2.18
\% 2At + \% ( ) ( )

By introducing a pseudo time term 7, Equation [2.18] can be converted into a format very
similar to the steady formulation in Equation [2.15|
Wn+1,m+1 . Wn+1,m 1

Y +VR*(W"“”"“) =0, (2.19)

where m refers to the m'” time step in terms of the pseudo time 7. The non-linear system of
Equation [2.19] can hence follow the same solution approach as the steady state problem, and the

CFD code can re-use the exactly same subroutines built for the steady discretisation.
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2.1.4 Turbulence Modelling

Fully resolving turbulence directly using only the Navier-Stokes equations (Direct Numerical Sim-
ulation) is still a challenge today. The difficulty is to resolve flow features that have drastically
different temporal and spatial scales at the same time. Excessive temporal and spatial resolutions
are hence needed for even very simple geometries and conditions, which leads to prohibitive com-
putational costs. In comparison, the Large Eddy Simulation (LES) approach introduces a few
simplifications by modelling small-scale vortices using subgrid-scale models (SGS) while fully
resolving the large-scale ones. However, the computational cost is still high for large practical
applications. The Reynolds-Averaged Navier-Stokes (RANS) approach introduces further sim-
plifications by decomposing the flow variables into mean and fluctuating parts. Although extra
assumptions and models are needed to close the RANS equations, this approach has been popu-
larly used for engineering applications due to its relatively low computational cost and robustness.
Generally, the RANS approach is capable of capturing the dominant flow features, but has difficul-
ties resolving the delicate turbulent details. Hybrid approaches are hence proposed to bridge the
LES and RANS approaches, e.g. the Detached Eddy Simulation (DES), that combine the low cost
of RANS and some of the turbulence resolving ability of LES. These hybrid approaches mostly use
RANS simulations in boundary layers and switches to LES in free-stream regions. Nonetheless, the
DES approach often has strong dependency on the grid scale to switch models, and non-physical,

grid-induced solutions may result because of this.

A variety of turbulence modelling options have been implemented in the HMB3 solver, in-
cluding RANS, hybrid RANS/LES, and LES, but for the current study, the RANS k-@ SST (Shear
Stress Transport) approach is used for most cases, considering the large number of simulations of
rotary wings and rotorcraft required for performance analysis and design optimisation. For most
cases in this study, turbulent effects are regarded as a secondary concern. However, for a few cases,
where massive separation is present, the Scale Adaptive Simulation (SAS), which operates in the

RANS mode but has a scale-resolving ability, is invoked.

The simulation requirements for these two approaches are similar as they share plenty of
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similarities in their formulations. In terms of spatial resolution, the grid y+ values were kept near 1
for most of the simulation cases in this thesis. The near-body grids adopted uniform distributions
wherever possible, and the cell sizes were kept around 0.1 to 0.25 times of rotor blade chord

length, which is typical for rotary-wing simulations 19!

. Further, grid refinement studies were
performed for the validation cases to further verify the spatial resolution In the temporal resolution
aspect, most simulation cases in this work adopted time step sizes that are less than or equal to
1°/step, which corresponded to at least 360 steps within the major flow frequency. For simulations
of rotary-wing systems, the rotor blade passing frequency (BPF) and its harmonics are typically
the dominant frequencies of the flow field, and they are often much higher than other secondary
vortex shedding or flow separation frequencies. The 1°/step step size was also reduced whenever

necessary to provide finer flow resolution and to verify the temporal resolution required. Details

of the turbulence modelling methods are presented in the following subsections.

2.1.4.1 Favre Averaging

Resolving turbulent flows based on the Reynolds-Averaged Navier-Stokes (RANS) equations is
hence a more practical and efficient approach for simulations of rotors and rotorcraft in the cur-
rent study. The RANS equations are derived by considering the Reynolds averaging of a time-

dependent, primitive flow variable ¢ as follows

¢=0+9¢ (2.20)

where ¢ is the time-averaged mean value of ¢, while ¢’ is a small fluctuating term representing the

turbulent influence.

However, when the flow density shows large variations, the Reynolds averaging results in
lots of non-zero terms when applied to e.g. the momentum or energy equations. It is hence neces-

sary to further introduce the density-weighted Favre averaging for compressible flows
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where U is the time averaging operation. ¢ is the Favre-averaged value, and ¢” is the correspond-

ing disturbance. Applying Equation[2.22]to the primitive variables in Equation 2.1] we have
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Equation [2.23]is referred to as the Favre-Averaged Navier-Stokes equations (in dimensional form),
or more commonly still the Reynolds-Averaged Navier-Stokes equations. The equations can be
made dimensionless following the same process in previous sections. Note that the energy term £

now has a slightly different definition due to the averaging

+k, (2.24)

where k = u;(’ u; /2 is the turbulent kinetic energy and is now an extra unknown variable. A number

of other unknown variables, i.e. the Reynolds stress tensor pu//u”/ u'}, molecular diffusion u] 7, turbu-

1/ // //
lent transport 2pu 7N

and turbulent heat flux ¢ pPU; pu/T, also arise from the averaging in Equation
These must be modelled with extra correlations, and this is known as the closure problem of

the RANS equations. Various turbulence models have been proposed to close the RANS equation.

In particular, the following Boussinesq approximation of the Reynolds stress 7/ j’-” b and the gradient
assumption for the turbulent heat flux qt wrb are popularly used
dii; dii; 20i 2
’L'mrb o // ~ l J_ k — Zpkd: ; 2.25
pl/l .l’l“l(a + axl 3axk ) 3p 1]y ( )
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M oT

turb —c
P pr, ox;’ ]

¢ = c,pulT ~ (2.26)

where L is the turbulence viscosity, and Pr; ~ 0.9 is the turbulent Prandtl number. The present
research has chosen the two-equation k- SST model 1% for most of the simulations, due to its
known solid performance for both adverse pressure gradients and free shear layers. However, for
cases where excessive flow separation is present, the Scale Adaptive Simulation (SAS) approach

is employed. These are detailed in the following subsections.

2.1.4.2 k-o SST (Shear Stress Transport) Turbulence Model

The original k-® model was developed by Wilcox " with two transport equations for the turbu-
lent kinetic energy k and the specific dissipate rate m to close the RANS equations. The k-@ model

follows the eddy viscosity assumption of the Reynolds stresses and expresses the eddy viscosity

M as

k
m=p. (2.27)

The k-w model can handle adverse pressure gradients near the wall, but its performance

becomes poorer when dealing with free shear layers. Therefore, Menter 109

proposed a blending
between the k- model and the k-€ models, which has a better ability in free streams. The blended

two transport equations are

D a141 i
bi(pk) = 35— B pak+ i [(u + o) £ (2.28)
Di(P®) =3 113? Bpo’+ 3 [(“ + Gmut)gTﬂ +2p(1— F1)0w2 s 55 52

Here, zl))z( -) is the substantial differentiation operation. v; = u,/p is the turbulent kinematic vis-

cosity. B*, oy, O, and O are constants U1 F is a blending factor combining the k- and k-¢€
models. Let ¢; denote any constant from the original k-@ model and ¢, from the k-€ model, the

blending works as follows
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¢ =Fi¢1+(1—F1)¢. (2.29)

Further, the k-w SST model also uses Bradshaw’s assumption, i.e. the shear stress is propor-
tional to the turbulent kinetic energy in the boundary layer, with the eddy viscosity assumption to
account for the shear stress transport effect to improve the handling of adverse pressure gradients.

The blending is formulated as follows

alk
max(a;; QF)’

M =p (2.30)

where F, is a function that has the value one for flows inside the boundary layers and zero for
free shear layers, thereby switching between the Bradshaw’s assumption and the eddy viscosity
assumption. However, the k-@ SST model tends to produce high turbulent viscosities in unsteady
regions, which in turn leads to large flow length scales. This can be resolved, to some extent, by
introducing the Scale Adaptive Simulation (SAS) detailed in the next subsection. More detailed
descriptions of the formulations, boundary conditions, values of the closure coefficients, as well

as, definitions of the blending factors can be found in Ref (1091

2.1.4.3 Scale Adaptive Simulation (SAS)

The Scale Adaptive Simulation (SAS) model is capable of resolving the turbulent spectrum in
unsteady flow regions, while also operating in standard RANS mode. In some cases, it automat-
ically balances the contributions of modelled and resolved turbulent stress much like the hybrid
LES/RANS approach. However, the SAS model has a weaker dependence on the grid cell size and

has moderate computational cost by simply adding extra source terms.

The SAS concept was proposed by Menter and Egorov 12 haged on Rotta’s model 2
considering the integral length scale. Menter and Egorov proposed their first scale-resolving model
named the KSKL "l model by adopting the second derivative of the velocity field in the scale-
defining equation, which leads to the von Karman length scale. It was shown that this approach

can be combined with classic two-equation models. For the k- SST model, the SAS capability
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can be added by an extra source term to the dissipation rate

_ (LN 0 25 e (L 2K 9k 1 000w
Osas = max lpﬁzKS <ka> Csas = wmax | - 5%, 9%) @2 9%, 9, 01, (2.31)

where Fsas, &, Csas are coefficients. [ is the length scale of the modelled turbulence. L,y is the von
Karman length scale, which needs to be limited by the local grid size to allow for energy dumping

at high wave numbers. More details of the formulations and constants can be found in RefH1,

2.1.5 Rotating Reference Frame

For simulations of cases with only rotational motions and axisymmetry, such as propellers in hover
or axial flight, it is convenient to use the non-inertial, rotating reference frame to eliminate the
unsteadiness and save computational costs. A popular approach is to formulate and discretise the
governing equations in Equation [2.1] in a rotating reference frame in which the rotor blades are
stationary. This results in an addition of a momentum source term representing the non-inertial

forces as

S=1[0,—pw x iiy,0]”, (2.32)

where @ is the rotational speed, and i, is the local flow velocity in the rotating reference frame.
Meanwhile, extra translational motions, along the rotational axis e.g. axial flight velocities, are
accounted for by introducing mesh velocities. With the help of periodic planes, the computational
cost can be further reduced by using only a fraction of the entire computational domain. The rota-
tional reference frame is widely used for simulations of propellers and ducted propellers in hover
or axial flight. For ducted propellers, special boundary conditions are implemented by imposing

opposite surface speeds to account for stationary walls in the rotating reference frame.

2.2 Automatic Grid Generation

As a key part of CFD analyses and optimization, mesh generation demands a significant amount

of effort and human interaction, especially for complex components. Unstructured grids can ease
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the mesh generation efforts to some extent, but the flow solution often suffers from the irregular
cell shapes. The data structure of unstructured grids also may not be friendly when it comes to
element or point searching, and the resulting memory and computation costs can be high. In con-
trast, structured grids often have much better mesh quality and highly efficient data structure, and
this is why the current work adopted fully-structured grids. The difficulties, however, are mostly
associated with the mesh generation. Multi-block structured grids, i.e. dividing the computational
domain first into many blocks then filling the blocks with structured elements, add more flexibility
to the mesh generation and help ease the difficulties slightly. Nonetheless, enormous human efforts

are still required, especially for complex geometries.

To ease the effort of structured mesh generation and for future parametric/optimization stud-
ies, an automation framework for geometry composition and grid generation is therefore proposed

M

and examined in the present work using the ICEM Hexa’™ mesher.

The ICEM Hexa’™ mesher is a commercial package for the generation of structured, hexa-
hedral, and body-fitted grids. It incorporates a shell interface in Tcl/tk language with an extended
library of commands, so that automation can be realized through high-level programming. The
proposed automation framework is designed to deliver not only ready-to-run, multi-block, struc-
tured grids for CFD solvers, but also geometry models for CAD tools, all from a given set of
parameters. Comparing to many in-house automatic grid generation codes, the framework features
a high degree of versatility and simplicity for distinct shapes. For instance, in contrast to delivering
only solver-compatible grid files, grids generated using the current framework can be easily further
manipulated using ICEM Hexa’™. Compatibility with many modern CAE tools in terms of both

input and output is also ensured.

A schematic of the current framework is presented in Figure The framework is imple-

mented using in-house codes, [CEM Hexa!™

scripts, and Unix shell scripts. Through in-house
pre-processing codes, the input geometry is analysed and parameterized. Features, like sectional
profiles, are extracted and exported in ICEM-compatible formats. Parameters governing the ge-

ometry generation, as well as, the meshing process, e.g. outer boundary size, nodes bunching, are

taken as input. Modules of the ICEM scripts are also presented in Figure 2.1 NURBS (Non-
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Figure 2.1: Flow-chart of the automation framework for geometry composition and mesh genera-
tion.

Uniform Rational B-Spline) based geometries are composed using the geometry module of ICEM
Hexa”. The generation of multi-block mesh topologies, which is a major part of the mesh gen-
eration that needs significant human interaction, is realized by importing pre-defined and robust
mesh topologies. The design of these topologies for particular applications still needs human effort
in advance, but block vertices, edges, and faces are handled by the scripts, according to the specific
geometry and the parameters input. The post-processing codes convert the output to CFD solvers

and external CAD tools.

The proposed framework can be easily tuned and applied to various specific shape patterns,
e.g. blade/wing, fuselage, and duct/centre-body for the present study. Grids are assembled using

tTM

chimera overlapping strategy for the HMB3 and Fluen simulation. The time needed for grid

preparation can be reduced from hours to just a couple of minutes. This is very promising for

further optimisation or parametric studies such as in Appendix

2.3 Actuator Disk Models and New Implementation in HMB3

This section presents a novel implementation of actuator disk models in HMB3. The implemen-

tation features a smooth distribution function. The new actuator disk modules in HMB3 has also
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been differentiated with the help of automatic differentiation to provide gradient information for
optimisation purposes.

The actuator disk is an efficient alternative for modelling rotary wing systems, by simpli-
fying rotor disks or blades as equivalent sources of momentum and energy, in CFD simulations.
This modelling approach drastically reduces the computational costs thanks to the largely reduced
amount of grid cells, since there is no need to resolve the geometry, the associated boundary layers,
and sometimes the blade motions. The modelling fidelity is of course penalised by the simplifi-
cations, still, the actuator disk modelling is capable of resolving the dominant flow features, e.g.
the slip stream, pressure jumps, tip vortices, and super vortices, with adequate accuracy for pre-
liminary analyses of engineering designs. Comparing to blade-resolved simulations, the actuator
disk modelling is incapable of resolving small flow details caused by boundary/shear layers and
the subsequent interactions near the blades. Therefore, the actuator disk modelling is especially
suitable for situations where the rotor-induced flows or interactions are of the main interest, while
the flow details near the rotor disk are of minor concern. The actuator disk models have been
widely used for studies of rotor/fuselage interactions 21l wind turbines, and propeller/rotor or

propeller/wing interactions .

The actuator disk models are usually implemented in CFD solvers as special porous bound-
ary conditions or volumetric source terms. While using fully-structured grids, such as in this study,
the volumetric source term implementation is especially easy, as locating cell centres close to the
rotor disk is easy with the help of the structured grid indices, plus there is no need to account for the
special boundary condition while meshing. The general process of adding the volumetric sources

is listed below:

1. Find the cell centres closest to the designated rotor disk shape;

2. Compute the momentum and energy source terms according to the rotor

geometry and aerodynamics;

3. Add source terms to the residual functions, and the Jacobian matrix in

implicit iterations;
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4. Update the flow solution.

Essentially, the rotor disk is represented by a cloud of points that are conforming with des-
ignated rotor disk shapes in the current study. The momentum and energy source terms for each

cell are written as

0

fx
SAap = fy , (2.33)

fz
fru+ v+ fow

where f = (fx, fy, f2) is the force vector imposed by the rotor disk at a specific cell centre, which
is determined by the loading distribution on the rotor disk. The term fyu+ fyv+ f,w denotes the

work done due to the imposed forces and the local flow velocities.

dr, dp

Figure 2.2: Rotor disk in a cylindrical coordinate system.

Dividing a rotor disk into infinitesimal segments in a polar system centring at the rotor centre
of rotation, as shown in Figure [2.2] the local force vector for a specific cell is correlated with the

pressure jumps as
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_f‘ — f?n —I— Fl‘
(2.34)
= (APﬁAD + ABI_itAD)I”drdl[/,
where (r, ) are the local polar coordinates on the disk. nsp and n;4p are normal vectors in the
disk normal and tangential directions, respectively. AP(r, y) and AP, (r, ) are axial and tangential
pressure jump distribution functions, respectively, depending on the rotor aerodynamic character-

istics. In numerical implementations, the area term rdrdy can be replaced by the local cell face

area projected in the disk normal direction.

The total rotor thrust 7 and torque Q can be expressed in integral forms as follows

2n (R
T=a / AP(r,y)g(r, y,1) 0 (x,y,2)rdrd
0 /Ry (2.35)

2% rRyp 5
0=a [ [ ARG )y (xy. ) drdy,
rt
where the subscripts ,; and ;, denoting the root and tip values, respectively. a, and g, are scaling
factors ensuring that the total thrust and torque imposed to the flow-field are equal to the amount

designated.

Here, o (x,y,z) is a disk strength distribution function introduced to help the numerical im-
plementation of actuator disk models in HMB3 and to allow for adjoint computations. In the
current solver, each computational cell is assigned a disk strength ¢ according to the distance be-
tween its cell centre and the designated rotor disk shape. This is to eliminate the discontinuities
across the disk boundary to allow for the computation of flow sensitivities, as well as, to improve
the numerical stability. The o(x,y,z) function has the value 1 when the cell centre is exactly on

the rotor disk, and quickly reduces to 0 if the cell centre is far away from the disk.

The o(x,y,z) function can be further detailed as

O = Oy - Oy, (2.36)
where o, is the radial distribution and o, is the axial distribution.

In the radial direction, the jumps at the tip and the root are replaced by smooth sine functions

in Equation as shown in Figure[2.3]
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(

0.5sin(55w) +0.5, ro—8 <r<rp+9;

17 r0+5§r§r1_6;
G, = 2.37)

0.5sin("%55"m) +0.5, r—8 <r<r+39;

0, otherwise.

\

where r is the radial distance of a cell centre from the disk centre, ry and r| are respectively the
root and the tip radial coordinates. J is a tolerance factor that adjusts the size of the smooth area.

0 usually takes the value of the dimensionless cell size at the disk edge.

1.0 A 7 T
— 0.8 1
B
9]
0 0.6
©
€
o ‘
n 0.4 |
©
©
©
“ 0.2

—— original
0.0 /] continuous sine function 1\
0.0 0.2 0.4 0.6 0.8 1.0
r/R /[-]

Figure 2.3: Radial distribution o,(ct).

In the axial direction, the jump can be replaced by a Gaussian function or a cosine square

function (Equation [2.38)) as shown in Figure [2.4]

cosz(‘%ﬂ), —£<0Z< ¢

G, = (2.38)

0, otherwise.

where 0Z is the normal distance of a cell centre to the disk plane. € is a tolerance value adjusting
the the size of the smooth area, which can be set as 1 or 2 times the dimensionless cell size in the

norm direction. The power can also be adjusted to control the ratio of change. Also presented in
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Figure [2.4) are comparisons with the Gaussian distribution. The Gaussian function tends to have a
smoother transition to zero. Nonetheless, the cosine square function has been chosen for its simple

form for the convenience of the later gradient computations.

1.0 1 —— Gaussian

cos”™2

0.8 A

0.6 -

0.4

Axial Sigma Factor/[-]

0.2 A

0.0

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Axial Offset from Disk Plane/[-]

Figure 2.4: Axial distribution o ().

The function g(r, y,¢) is a time-dependent Gaussian. In unsteady simulations, this function
redistributes the initial pressure jump to conform with the time-resolved blade shape M7, This is
to resemble the time-resolved blade motions of rotors, thereby allowing a more realistic resolution
of tip/root vortices systems and of the induced flow features. Since it concentrates the momentum
sources on the discrete rotor blades, this model is often referred to as the Actuator Line (AL)
approach. In steady simulations, g(r, y,) is set to a constant value of 1. The Gaussian function is

detailed as follows

_ VA=) owb (-13/e})
0.75Nyc ~*=1 ’

(2.39)
where Nb is the number of blades, and ¢ is the nominal blade chord length. r is the local radial
position and r,; is the radial position of the nominal root cut out. This term before the exponential

is to ensure the overall integration is 1. The azimuth distance L; between the local cell centre and

the k' blade is defined as
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L = mcos™ (cos(Awy)), (2.40)

where A is the azimuthal difference between the local point and the k' blade. The spatial distri-

bution g is written as

c%, 0<r<0.5R,
&= (2.41)

c, 0.5R <r <R,

where R is the nominal blade radius. This function concentrates the Gaussian on the discrete
blades. It also moves more blade loadings towards the tip to approximate a more realistic distribu-
tion. A sample Gaussian distribution for a three-bladed rotor is presented in Figure [2.5]illustrating

how the discrete blades are resembled.

Time-dependent Guassian
AV

Gaussian=1 (steady)

Gaussian: 0 05 1 15 2 25 3 35 4 45 5

Figure 2.5: Sample time-dependent Gaussian for a three-bladed rotor.

Equation [2.35] is nominally evaluated at each computational cell. The thrust value is then
converted to equivalent volumetric momentum and energy sources and added to the discretised
governing flow equations. Comparing to blade-resolved simulations of rotors, the actuator disk
models resolve fewer flow details due to the lack of accurate geometries/motions, boundary/shear
layers etc., but the computational cost is greatly reduced due to the easy convergence and the

reduction in grid sizes. The actuator disk models are hence a good option for quick or preliminary
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studies of complex flow-fields involving rotors, with reasonable accuracy and at much reduced

computational costs.

Finally, the pressure distribution functions AP(r,y) and AP (r,y), which play dominant
roles in the actuator disk modelling, can be defined in various ways, e.g. from experimental/em-
pirical data, simplified assumptions, or using lower-order tools. These are detailed in following

sections.

2.3.1 Uniform Disk Model

The uniform disk model assumes a constant pressure jump AP across the disk. By solving the
integration in Equation the pressure jump AP in the disk normal direction can hence be

written as

AP T _ Cryx0.5p.V;7, TR _ Cr,x0.5p-V,3, (042
n(R*—R}) n(R*—R}) (1-(5)%)

where R, is the radial position where the root cut-out begins, and R is the radius of the rotor.

In HMB3 calculations, AP should be made dimensionless using the reference pressure

Pr ef 'Vrzef

5 2
PrefVier (1= (%))

where barred values are made dimensionless using corresponding reference values. Note that

the radius and blade cut out are also implicitly normalised using the reference length. In most
cases, we have p,.r = P, hence p.. = 1. For the reference speed Vs, usually we use the free-
stream velocity, but it is also quite common to use a blade tip speed when the free-stream speed is
unfavourably small, such as in hover. Therefore, the dimensionless tip speed \7t,~p = “,/:—;’j’[ must be
specified explicitly in the input file.

The tangential momentum can be accounted for in the same manner. Assuming the function

AP, is also a constant in Equation [2.35] AP; can be solved from the integration as

63



CHAPTER 2. NUMERICAL METHODS

3 3Coyx0-5pV 3 TR>  3Cq, PV}
AP = 3Q = 3p T QUK@ . (2.44)
27T(R _th) ZE(R _th> 4<1 _th/R )
Similarly, AP, is also made dimensionless using p,. erZe %
_ 3CouP=V
 — QukP=Vrip (2.45)

H1-RJR)
2.3.2 Non-uniform Disk Models

The non-uniform models, termed 41 and 42 in HMB3 are based on empirical data and the vortex

theory ™71, The local pressure jump is expressed based on Joukowski’s lift theorem

1
= — P 2.4
AP = o p=U(ry)I'(ny), (2.46)

U is the local tangential velocity and I" is the circulation distribution. The velocity distribution U

has the form

U(r,y)=Qr+ QRusin(y), (2.47)

where (2 is the rotating rate, R is the rotor radius.

The circulation distribution is defined as:

I'(r,w) =Iip(ry), (2.48)
V2 Cryy

i= 5 ;3 , (2.49)

Ya(r, W) = 1:(F) + %(7, 1) sin(y) + (7, ) cos(2y), (2.50)

where 7 = r/R. The terms ¥, %;, and ¥, are formulated as

r(F) = lgfz(2—f2—f4), 2.51)
1 14

%l l) = K7p(= — —F), (2.52)
7 5

Vo7 1) = K¥r(1 - W), (2.53)
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The coefficients K(u) and W(u) are regarded as functions of p. They can be determined
by prescribing their functional forms and introducing extra constraints on the rolling and pitching
moments. The current study assumes that the forward-flight rotor is trimmed to have zero rolling
and pitching moments. For the model 41, simple linear functions are assumed for K and W. For
the model 42, however, a more complex functional format is used for K, which offers loading
distributions in better agreement with empirical data. More details can be found in Ref 1/l The

solutions are obtained using symbolic algebra and are detailed as follows

(

K=2uw=25/13, model 41,
(2.54)
__ 250u _
kI(—m,ﬂl—l6/l3, model42
Overall, Equation [2.46|can be finally written as
1 1 _ V2 Cr,, .
AP = 5 p=U (W) (W) = o poo(Qr + QRpsin(y)) (—5~ H%K)%t(n V)
1 V2 (2.55)
=1+ usmw”;—mm v).

Here, 74(7, ) is not extended as it is a dimensionless term. The normalisation of the AP is

the same as the uniform disk case above, taking the reference pressure p,. ¢V, f

_ AP 1
AP = S+ usmw)wm(r, V), (2.56)
pref ref 2 'u

2.4 Optimisation Frameworks

The general formulation of a non-linear optimisation problem can be written as
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Find :
min(I(t)),
by varying:
O min < 04 < O max,i € 1,...,n, (2.57)
subject to:
gi(a)<0,j€l,....m,
(o) =0,kel,...p.
where /() is the objective or cost function to be minimised (or maximised), subject to m inequality

constraints g;(or) and p equality constraints /(). o = (0, ..., 0,) is the design variable vector
of n dimensions.

To handle the optimisation problem various algorithms 18] have been developed in the
literature™ 18], For aerodynamic optimisation, gradient-based and gradient-free approaches have
been popular due to their efficiency, flexibility, and fine compatibility with existing numerical
tools. In this study, gradient-based and gradient-free optimisation frameworks are compiled and
compared. The gradient-based approach is based on the adjoint computation of gradients and
the Sequential Least-Square Quadratic Programming algorithm (SLSQP), while the gradient-free
approach uses the Kriging surrogate model in combination with the Efficient Global Optimisation

(EGO) algorithm. Details of the methods and the framework are present below.

2.4.1 Discrete Adjoint Method

For many aerodynamic optimisation problems, the cost function /, or the objective function, can

be written in a general format as:

I=IW(a),a), (2.58)

where o is the independent design variable vector. W () is the flow variable vector (in conserva-
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tive or primitive format), which is subject to o implicitly.

To formulate an optimisation problem to find the local extrema of /, the key point is solving
the gradients of 7 w.r.t design variables o to navigate in the design space. The full derivative of /

w.r.t O 1S written as

dl al oW  dI

al IW

The difficulty falls on resolving the first term on the rh.s 5750,

especially on aW The
correlation between W and « is highly implicit and vague. In the context of CFD, the two are

implicitly coupled in the governing flow equation for steady state problems

R(W(a), ) =0, (2.60)

where R(W(«), @) is the residual function of the governing equations. Since R is constantly zero

dR

for steady problems, its derivative w.r.t any input is also zero. Thus we should have 7 as
dR JRIW OR
i e A T 0 2.61
doo W da i o (260
This forms a linear system through which we can solve for the terrn . More explicitly, the

linear system is formulated as:

IR IW R

Wax~ da (2.62)

JR

The evaluation of the Jacobian matrix W

is often straightforward as it is typically required
by implicit temporal methods while using Newton iterations. The term 3§ is also easy to determine
as the correlation can be expressed explicitly. Hence, by solving the linear system in Equation[2.62]
for gw’ we can eventually get the gradients in Equation This forms the direct approach to
solve the sensitivity. The benefit of the direct approach is that the linear system of scales with

the number of design variables, and its size is independent of the number of objective functions.

This is suitable for situations where there are many objective and constraint functions, but just
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a few design variables, e.g. aircraft trimming via pitch control. However, it is obviously not

suitable for problems with many design variables and fewer objectives, such as aerodynamic shape
optimisation.

Another idea to tackle the term %—Z is through the Lagrangian multiplier approach by intro-

al

ducing an intermediate vector A to correlate 5y and

g—vlf,, so that the product of these two can be
related to 3—5 as in Equation m The intermediate vector A, which is also often called the adjoint

vector, works as follows:

ar
2A4

R _ 1 9R

T —
ow =~ aw = Gw) A=

)T (2.63)

Note the transpose signs here are necessary here to form the linear system by switching
sequences of vector/matrix productions. After solving the adjoint vector A, the ;—v{, term in the

sensitivity equation [2.59|can be substituted as:

j—é:— Tg—‘f,g—vg+§—é: T§—§+§—; (2.64)

This forms the adjoint approach to solve the sensitivity. The benefit of the adjoint approach,
in contrast to the direct approach, is that the linear system of Equation [2.63] scales only with the
number of objective/constraint functions, so the size is irrelevant to the number of design variables.

This is especially suitable for situations where there are many objectives but just a few objectives

need to be considered, such as aerodynamic shape optimisation.

2.4.2 Automatic Differentiation

As noted in previous section, either the direct or the adjoint approach requires intensive computa-
tions of gradients of the residual and objective functions w.r.t design variables and flow variables.
These evaluations of course can be accomplished through manual derivation and programming, but
the efforts required can be prohibitive given the complexity of the formulations, especially when
119, [118]

turbulence modelling is involved. To solve this issue, the automatic differentiation (AD) !

technique is used.
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Automatic differentiation is a programming technique to evaluate the derivatives of functions
implemented as computer programs. Comparing to finite differences, the AD approach computes
the derivatives analytically and suffers little from cancellation errors. Comparing to symbolic
differentiation, it bypasses the complexity and delivers directly the code. There are mainly two
types of automatic differentiation methods, i.e. Operator Overloading (OO) and Source Code
Transformation (SCT). The OO approach amends data types with derivative variables and yields
fewer modifications to the source code, but it requires the language to support high-level features
such as user-defined data type and operator overloading. Also, the overloaded codes tends to have
lower efficiency. The SCT approach, on the other hand, directly generates new codes, which may
be less readable but benefit from higher efficiency and compiling optimisation. In this work, the
Tapenade W12 package is used for the automatic differentiation, which supports C and FORTRAN

languages and follows the Source Code Transformation approach.

There are mainly two modes of automatic differentiation, i.e. the forward (or tangent) mode
and the backward (or reverse) mode. The forward mode is straightforward and follows the chain
rule for each operation involved to compute the derivatives. On the other hand, the reverse mode
first executes the original code, then computes the derivatives in a reverse sequence. Consider a
simple function z = xsin(y) with x and y being the independent values, and the example differen-
tiated pseudo codes are presented in Table 2.1 The forward mode takes two extra inputs x; and

17, where

4 and gives one extra output ﬁ)cd 4 92 4. This is equivalent to computing J - |x;, V4
Y g put 5% 9y q puting Y
J= [%, g—;] is the Jacobian matrix. In comparison, the reverse mode takes one extra input z; and

gives two extra outputs g—izb and g—izb. This is equivalent to computing J7 - [z,].

More generally speaking, the forward mode computes the “sensitivity” of a function, i.e. the
product of the Jacobian matrix and an input vector J - b. If the function has only one input and many
outputs, by setting the input vector b = [1], the forward mode produces derivatives of all outputs
w.r.t. the input at one time. The backward mode delivers the “gradient” of a function, i.e. the
product of the transpose of the Jacobian matrix and an input vector J7 - b (or the vector and matrix
product b - J). If the function has just one output and many inputs, by setting the input vector

b = [1], we obtain the Jacobian matrix of the function. Either mode can be used to compute the
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Table 2.1: Examples of the forward and backward modes of automatic differentiation.

Forward mode Original code Reverse mode

funcd( x, xd, y, yd) { func( x, y) funcb( x, y, zb)

1 1 1
2 al =x; 2 2 {
3 ald = xd; 3 all = 5% 3 al =x;
4 a2 = sin(y); 4 a2 = sin(y); 4 a2 = sin(y);
5 a2d = cos(y)*yd; 5 a3 = al*a2; 5 a3 = alx*a2;
6 a3 = al*a2; 6 z = a3; 6 z = a3;
7 a3d = a2x*ald + al*a2d; 7 return z; 7
8 z = a3; 8 } 8 a3b = zb;
9 zd = a3d; 9 alb = a2xa3b;
10 10 a2b = alxa3b;
11 return z, zd; 11 yb = cos(y)*a2b;
12} 12 xb = alb;
13
14 return z, xb, yb;

differentiation of a function, and the choice mainly depends on the number of function inputs and

outputs. In practice, both modes are needed to efficiently differentiate large and complex codes.

2.4.3 Gradient-based Optimisation

The gradient-based optimisation drives design changes according to the gradients of the cost func-
tions/constraints w.r.t design variables. The optimisation algorithm solves for the searching direc-
tion and the step size in the design space using the input information about the objectives, con-
straints, and gradients. The optimisation framework is shown in Figure Based on the initial
objective, constraint, and gradient information, the optimiser solves for the searching directions in
the design space and step sizes. The design variables are then modified accordingly, and new CFD
computations are launched to acquire the new cost function value and gradients. The optimisation
iterates until the gradients or step size are approaching zero, or the maximum iteration has been
reached.

The Sequential Least-Square Quadratic Programming (SLSQP) algorithm! 2% as provided
in the NLopt library U211 is used as the optimiser in this study. The SLSQP algorithm solves for the
searching direction and step size through a sequence of least-square/quadratic approximations of
the objectives functions and linear approximations of the constraints. This algorithm is commonly

used due to its effectiveness and efficiency. Besides, it only occasionally requests the gradient
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Figure 2.6: Optimisation framework of the gradient-based approach based on adjoint computa-
tions.

input, therefore saves the computational costs.

The main advantage of the gradient-based optimisation is that it requires fewer objective
evaluations, especially when dealing with large amount of design variables. This makes the
gradient-based optimisation especially suitable for aerodynamic shape optimisation. The main
drawback, besides the stringent continuity requirement, is that it may be trapped in local minima
during the optimisation, depending on the modality of the cost functions. This is demonstrated in
Figure 2.7 using a simple objective function y = xsin(1.5x/7). The SLSQP algorithm is used here
to find the minimum within 0 < x < 25. It can be noted here that the optimisation is sometimes
trapped in local minima, depending on the starting point of the optimisation. However, both opti-
misation processes managed to deliver the converged solution within just 4 iterations, highlighting

the efficiency of the gradient-based approach.

2.4.4 Kriging Surrogate Model

As the dimension of optimisation problem grows, the required cost function evaluations for gradient-
free optimisation can increase drastically 18] This can be excessively expensive when combined
with high-fidelity CFD methods. A popular approach to alleviate this is to bridge the optimisation

algorithm and the cost function evaluation with approximation models, or surrogate models, that
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Figure 2.7: Demonstration of the gradient-based optimisation using the SLSQP algorithm.

have adequate accuracy and much reduced computational cost. The Kriging model is hence used

in the current work.

The Kriging surrogate model 22! is a spatial interpolation method based on Gaussian re-
gression. It predicts the value of an unobserved evaluation point using a predictor function plus a

small, stochastic variance as follows

Z(x) = Zp +&(x), (2.65)

where Z(x) is the prediction at the unknown location x. Here, Zj is the mean value of the data
set. €(x) is a random variable depending on the distance between the unknown point and the
sampling points and has the mean value of zero. In most cases, it is common that values at the
interpolation point are very similar to its immediate known neighbours, and have less correlations
with sampling points that are far away. The Kriging model hence uses prescribed variograms to
describe the correlation between the sampling points and prediction points, thereby solving for the
term g(x) for the interpolation. Kriging models can be categorised into different types, depending
the function types of Zy and &(x) used. The current work adopts the Ordinary Kriging with Z

denoted by a constant and £(x) assumed normal distribution.
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Comparing to deterministic interpolation methods e.g. radial-base function or polynomial
approximation, the benefit of Kriging approximation is that it provides not only predictions of
function values at unobserved points, but also the uncertainty of the predictions. Kriging has
hence been widely used in geostatics and aerodynamic shape optimisation studies. The drawbacks
are the slightly larger computational cost for solving linear systems (which scales with the number
of sampling points) and a few assumptions on the data set in terms of stationarity and compliance
with normal distributions. Nonetheless, these disadvantages are almost trivial, as the demanded
computational cost is much smaller than CFD simulations, and the assumptions can be examined

by verifying and assessing the interpolation results.

In the current work, the Kriging model was first used in Chapter [/|to analyse the rotor/pro-
peller aerodynamic interactions, with variations in the propeller position, rotor/propeller thrust
ratio, and free-stream velocity. The constructed Kriging models was later incorporated in the
gradient-free optimisation framework to optimise the propeller position for minimised aerody-
namic interferences. The Kriging model was also used for data interpolation for the parametric
study of the equivalent ducted/open rotors in Chapter[A] In the present work, the Surrogate Mod-

elling Toolbox of Python 123l s used.

2.4.5 Gradient-free Optimisation

Comparing to gradient-based optimisation discussed earlier, gradient-free approaches do not need
the gradient information and hence have no continuity limitations. They are also much less likely to
be trapped in local optima. The disadvantage is usually the large amount of objective evaluations
required during the optimisation process. This can be prohibitively expensive when combined
with CFD methods. Even with the help of surrogate models, the computational cost can still be

excessively large when handling a large amount of design variables.

For the gradient-free optimisation in this study, the Efficient Global Optimisation (EGO) 141

algorithm is used. The framework is shown in Figure A demonstration of the EGO algorithm

for the same objective function y = xsin(1.5x/7) is presented in Figures [2.9(a)| to [2.9(d)} This

73



CHAPTER 2. NUMERICAL METHODS

HMB3 Flow
Solution

Design to
Computation
Mapping

Optimal El Position as
New Design Variables

[ Initial Data Base } -- ~[ Construct/Update ]

Surrogate Models

Find Surrogate
Optimum

Update EI Criterion
& Find El Optimum

criteria met?

Output New
Design Variables

Figure 2.8: Optimisation framework of the gradient-free approach based on the EGO algorithm.

algorithm first finds the global optima within the initial Kriging approximation of the cost function

and computes the corresponding Expected Improvement (EI) criterion!?#| which is defined as

fmm f* fmm f*

)+ 50 (), (2.66)

E1<x) = (fmin—f ) (

where the f* denotes the predicted function value at point x, and s is the standard error of this
prediction. fy,;, is the current minimum value found. Here, ¢(-) is the normal density function
and @(-) is the normal distribution function. In this work, the EI criterion is evaluated from
the uncertainty assessment of the Kriging approximation. This gives a rough indication of the
possible improvement to the current Kriging optima due to uncertainty. The algorithm then finds
the maximum EI, which suggests the best possible improvement, and uses its position in the design
space as the next sampling point to evaluate the objective function. The new objective function
value is later added to update the Kriging model and the optimisation loop iterates. The stopping
criteria usually limit the number of iterations or the value of the EI indicator. Such an algorithm
strikes a balance between improving the surrogate accuracy and saving the computational cost,
as it only refines the surrogate model locally near the global optima position. To solve for the
global optima of the Kriging model and its EI indicator subject to constraints, the classic genetic

algorithm as provided in the pymoo package 1122 is used.

As shown in the demonstration of Figures[2.9(a)|to[2.9(d)| the EGO algorithm mostly refines
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Figure 2.9: Demonstration of the EGO optimisation algorithm.

the Kirging model near the global optimum and managed to find the solution within 5 iterations.
However, 4 initial data points are used to construct the initial Kriging model. As the dimension of
the optimisation problem grows, the number of sampling points required to construct a fine initial

model grows in a factorial manner, and so increases the computational cost.

Choices between the gradient-based or gradient-free optimisation should be made with care-
ful considerations of the problem characteristics, complexity, and computational cost. A hybrid
approach combining both methods is of course possible and will be assessed in later sections. The
hybrid approach takes the output of the first few gradient-free iterations as the starting point for
the gradient-based approach. This is to avoid the gradient-based approach being trapped in local
optima very close to the original design point. However, the optimisation result may still end up a

different local optimum.
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2.5 Acoustic Methods

2.5.1 Near-field Acoustics

In this study, the near-field acoustics is directly derived from pressure fields resolved with high-
fidelity HMB3 simulations. The sound pressure signal is extracted by subtracting the time-averaged
pressure field. The similar approach can be seen used in propeller acoustic analyses using HMB3
1261 " This approach requires high-order schemes and fine spatial/temporal resolution. For the
acoustic study of the ducted and un-ducted propellers in the current work, the 3rd-order MUSCL
scheme is used, and the background grid is carefully made to guarantee at least 10 mesh points
for the wave length targeting at 4 times the Blade Passing Frequency (BPF) in the near-field re-

gion. Fine temporal resolution is ensured either through small time steps or through strong steady

convergence in the rotating reference frame.

2.5.2 Far-field Acoustics

To resolve the far-field acoustics, it is impractical to use the same approach applied to the near-
field acoustics, considering the excessive computational cost to resolve the large computational
domain with fine resolution. To evaluate the far-field acoustics with adequate accuracy and at
relatively computational cost, the Ffowcs Williams-Hawkings (FW-H) equation 27! is used in this

work, following the non-porous Farassat Formulation 1A 128l

. The non-porous form is adopted
as it can directly take as input the high-fidelity CFD solutions of the surface pressure fields. The
formulation has been widely used for far-field noise predictions of aircraft, wind turbines!!2?! and
propellers!30l, The Farassat Formulation 1A U281 solves surface terms of the FW-H equation, i.e.
the thickness noise and the loading noise, in the time domain, by introducing the retarded time

concept. The formulation results in two linear equations, respectively for, the thickness noise in

Equation and the loading noise in Equation [2.6§|

' PoVn povafiM;  povac(M, —M?)
4 = L 2.
Tpr(x,1) /fo (r(l “M + 1 M,)? + 201 ML) mdS, (2.67)
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s — | Ii#; (LF)FM; | Lifi—Mil; | Lifi(My — M7) ds. (2.68)
L cr( ret

o\ = T (=M R =M,2 T P =M,)
Here, the subscription f = 0 denotes the wall surface. (),.; denotes that the formulation within is
evaluated at emission time 7, which correlates with the receiver time ¢ with t = 7+ |x —y(7)|/c

with x being the receiver position and y being the emission point on the wall surface at emission

time 7. Further definitions of the variables of Equations and are listed in Table

Table 2.2: Variable notations in Equations and

Symbol Variable

c Sound speed(assumed constant at low flow speeds)

P/T Thickness noise received at (x,7)

plL Loading noise received at (X,?)

Po Free-stream density

Vi, = Vin; Surface normal velocity in tensor form

ri=Xi— Vi Space vector between receiver and source positions
Fi=11 Normalised directivity vector

M; =4 Mach number vector

M, = M;7; Projected Mach number vector in the radiation direction

Loading vector, p is the local surface pressure

and py is the free-stream pressure

Vp Temporal derivative of the surface normal velocity
M; Temporal derivative of the Mach number vector

I; Temporal derivative of the loading vector

The current far-field acoustic approach ignored the quadrupole sources which require expen-
sive integrations over volumes and has also assumed infinite impedance of solid surfaces. These
assumptions surely lead to lower solution accuracy, nonetheless, the current approach is efficient
and sufficiently accurate for the purposes of the engineering analysis conducted here based on CFD
results, considering the subsonic nature of the current study. Similar approaches were adopted for
noise predictions by Luo et.al. 1311 for ducted axial fans and by Dighe et.al. 2! for ducted wind
turbines. Additionally, the current implementation is an extension of the existing acoustic code
HFWH (Helicopter Ffows Williams-Hawkings)"3 in the high-level Julia programming language.
The code is attach in Appendix [B] Extensive code-to-code comparisons have been performed to

verify the current implementation.
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2.6 XRotor, DFDC and Ansys Fluent’" Tools

The XRotor and DFDC (Ducted Fan Design Codes) are open-source tools developed by Drela
et.al. 13282520 for performance predicting and design of ducted/un-ducted propellers. The codes
are based on extended classic blade-element/vortex theories, in combination with lifting line and
panel methods. They are capable of quickly predicting, or matching the performance for specific
geometries, as well as solving the inverse design problem. However, only axisymmetric conditions,
e.g. hover or axial flight can be accounted for. The XRotor and DFDC codes are used in this work
for comparisons with HMB3 results, as well as, to add more confidence to HMB3 results when

experimental data is absent.

The general-purpose Ansys Fluent 7Y solver is also used for simulations of the duct ge-
ometries (without the propeller) for comparison purposes with HMB3. Simulations using the
two solvers are performed on the same grids to minimise the uncertainties, either with or with-
out chimera/overset interfaces. Closest possible numerical settings to HMB3 were configured in

tTM

Fluent **, i.e., compressible ideal gas model, pressure far-field boundary conditions, implicit lin-

ear solver, and k-@ SST model for turbulence modelling.
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Chapter 3

Numerical Verification'

This chapter focuses on the numerical validation of the employed tools, geometries and meshing,
and simulation strategies in this thesis. The key results and novelties of this chapter are the sys-
tematic high-fidelity simulations of various configurations over a range of conditions, as well as,

detailed comparisons between methods and modelling strategies.

This validation work mostly focuses on a ducted propeller design by NASA!8! in the 1960s.
Nevertheless, evaluations of the actuator disk models are also presented. Brief discussions on the
aerodynamic performance are also presented in this chapter and will be further detailed in the next
chapter. An evaluation of the proposed automatic grid generation framework is first presented.
Numerical simulations were then performed using the HMB3 solver, as well as, lower-order meth-
ods and commercial solvers, to validate the geometry, meshing, and simulation strategies. The
blade-resolved simulations were then exploited to validate the actuator disk modelling of rotors in
axial flight. The actuator disk models were further verified for rotors in edge-wise flight using a

rotor/wing interaction case tested by Leishman and Bi 133,

The ducted propeller test case by Grunwald U8 was chosen for its detailed geometry and
test information. In addition, the ducted propeller model tested was a 5/16-scaled model of the

real-world design that was used on the Doak VZ4D tilt-duct aircraft, but with a different propeller

! This chapter has been published in Zhang, T. and Barakos, G. N., High-fidelity CFD validation and assessment of
ducted propellers for aircraft propulsion, Journal of the American Helicopter Society, Vol. 66, No. 1, 2021, pp. 128.
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design with 3 blades. Regardless, considering the age of these experiments, some uncertainty in
the geometry, and test data is expected. The duct geometry is presented in Figure 3.1} Note the
centre-body was approximated for the simulations since no detailed information was given in the

tests!'8). The blade geometry is detailed in Figure

10.31

- tip gap=0.04

3D view of the
ducted propeller

apb}oximated
streamlined tail
for simulaticgs

center of 2.15 experimental tail shape
rotation (connected to tunnel structures)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 20V O S S
1.69 3.03 3.50 6.14

Figure 3.1: Key parameters of the Grunwald ducted propeller. Details of the duct shape can be
found in Ref. 8], Note the centre-body tail is sealed with a streamlined shape, whereas in the
experiments it is connected to tunnel structures. The ducted propeller has the same shape of the
real-world design used on the Doak VZ-4D aircraft, but with a different propeller design.
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Figure 3.2: Key parameters of the blade shape of the Grunwald ducted propeller 8] The blade
sections is a NACA6412 aerofoil. The default blade pitch in the simulations is set as 3y 75 = 29.58°,
which is given by DFDC predictions, in contrast to the nominal experimental setting of 3y 75 = 24°.

A detailed test matrix is given in Table 3.1} Apart from the experimental conditions for

validation, off-design operating conditions, i€. at high advance ratios and high angles of attack,
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are also explored and presented in the following chapters to investigate performance limitations of

ducted propellers.

Table 3.1: Test matrix for ducted propeller validation and analysis.

Case Series | Geometry Configuration Freestream Velocity (m/s) Advance Ratio t  Angle 1 (°) Angle 2 (°)
1 Empty Duct 30.48 - 0t0 90 -
2 Ducted Propeller 30.48 0.19 0.0 20.0
3 Open Propeller 0.00-102.88 0.00-0.64 0.0 20.0
4 Ducted Propeller 0.00-102.88 0.00-0.64 0.0 -
Case Series | Angle 3 (°) No. Blades Tip Clearance (mm) Rotational Speed (RPM) Nominal Tip Mach Purpose
1 N - - - - Duct behaviour study
2 50.00 3 1.016 8000 0.4694 Validation and crosswind study
3 - 3 - 8000 0.4694 Comparisons with open propeller
4 3 1.016 8000 0.4694 Advance ratio study

Simulations were first performed on the empty duct without the propeller at increasing an-
gles of attack to verify the duct geometry, and to study the duct behaviour as an annular wing.
Comparisons were also made against Ansys Fluent” simulations using the same grids at low an-
gles of attack. Axial fight conditions at increasing advance ratios were then investigated using the
HMB3 solver. The Reynolds number based on the duct chord and the blade tip speed is around
2.86 x 10°, whereas based on the tip speed and the blade tip chord it is about 2.08 x 10°. In the
current work, the higher Reynolds number of 2.86 x 10° was used and the flow is considered as
fully turbulent. Initial simulations are also performed referring to the tip chord and speed (resulting
in the lower Reynolds number), and slightly larger differences from experiments are noted. The
same operating conditions were also applied to the open propeller with the duct removed. Due to
the lack of detailed experimental data, the DFDC and XRotor132 42521 codes were also utilised
for comparisons in axial conditions and to add more confidence in HMB3 results in the absence of

experimental data.

3.1 Evaluation of the Meshing Tool-chain

The proposed automation framework for mesh generation is first evaluated, to highlight its advan-
tages. As mentioned earlier, the framework has good flexibility and versatility for different shapes

and large geometric variations, e.g. blades with various sections, swept, anhedral/dihedral, and
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ducts with different radii, variable sections, etc. Different grid topologies are also supported. An
alternative grid topology, combining the centre-body/duct in the same grid, is presented in Figure
A manually generated grid with the similar topology is presented Figure This grid
was intended for the non-chimera simulations, and the results and comparisons are presented in the
later section. Note that automatically-generated grids were put together by individual components
and were assembled using chimera methods. This guarantees the flexibility and convenience of
altering positions and combinations of components for further parametric studies. Examinations

of this simulation strategy are presented in the following sections.
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This grid is to be embedded in a background
grid using chimera approach.

Figure 3.3: Topologies and comparisons of the automation grid and the manually generated grid.
The geometry corresponds to the experiments of Grunwald and Goodson 18]

Details and quality comparisons of these two grids are tabulated in Table[3.2] The automation
framework took only about 1 minute to compose the geometry and generate the fully-structured
with higher quality. It should be stated that the manually generated grid (Figure [3.3(b)) can be
further improved, given more time and effort. The results shown here took about 8 hours, yet it
needs more to reach the same quality as the automation grid. For the manually generated grid, the

generation of the near-field grids required most of the time and effort, while the extension of blocks
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to the far-field took only a small fraction. Counting in the preparation for the background grid and
for assembling the entire computational domain, the time need for the chimera simulation in this
case was less than 30 minutes using the automation framework. This highlights the significant

efficiency boost brought by the automation tool-chain.

Table 3.2: Grid quality comparisons between the automation grid and the manually generated grid.
The quality criteria are evaluated using ICEM Hexa’™ and are all normalized ranging from O to 1,
with 0 denoting the worst and 1 being the ideal, perfect hexahedral element.

Grid size Min Determinant Worst Distortion Worst Skewness .
‘ fimillion cells] 210K NUIOET |0t 5 obian/]-] /-] /-] Time Elapsed
Automation grid 1.9 62 0.717 0.841 0.317 ~1min
Manual grid 2.7 144 0.525 0.702 0.219 ~8h

Most of the grids used in this study, including background and local refinement grids, were
therefore generated using the automation framework. The time needed for the pre-processing was
generally reduced to minutes from hours, thus more effort can be devoted to the simulations and
analyses of the results. Grids of different sizes were also quickly generated for the purpose of
mesh independence study. In particular, the automation framework helped greatly with geometric

modifications in the parametric study in Appendix

3.2 Validation of the Empty Grunwald Duct

Simulations were first performed on the empty Grunwald ! duct at increasing pitch angles with-
out the propeller. The tests measured aerodynamic characteristics of the bare duct with the pro-
peller removed at increasing angles of attack. Note that the centre-body shape was only approxi-
mated in this study, as no accurate information is provided in the NASA report 18], The rear part
of the centre-body was sealed with a smooth shape, as opposed to the support structures in the ex-
periments. The impact of the accurate centre-body shape was regarded as minor comparing to the
duct and the propeller, but more uncertainties with respect to experiments should be expected. Es-
pecially in empty duct simulations, due to the absence of strong propeller influences, uncertainties

brought by the approximated centre-body shape may be more salient.
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2 background grid

Figure 3.4: Geometry and chimera grid topology of the empty duct case (generated using the
automation framework).

Topologies of the chimera grids are presented in Figure [3.4] The grids and geometries for
the centre-body, the duct, the refinement, and the background, were all generated using the au-
tomation framework. Whereas for the non-chimera grids in Figure [3.3(b)} geometries and grids

tTM

are composed manually. Note that HMB3 and Fluent’ ™ can run on the output of the automation

framework without further modifications.

A mesh convergence study for chimera simulations was carried out. Detailed descriptions
of grid sizes are presented in Table 3.3] The near-field grids were varied while the background
grids were always kept the finest. This to ensure enough cells in the background for the Chimera
interpolation. For grids with different sizes, the first layer height of the grids was maintained the

same while varying the density. Figures[3.5(a)|to[3.5(c)| present the surface y+ distributions for the

fine, medium, and coarse grids, along with the surface mesh points. It can be noted the y+ values

were maintained around 1 and the distributions were almost identical for all grids.

The mesh convergence study was carried out at AcA = 10° using grids of 3 different cell
sizes and steady RANS simulations. Note that the mesh convergence study for the non-chimera

grids was not included in the present paper, since most current simulations were performed using
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medium

(a) Fine grid. (b) Medium grid.

z

coarse

(c) Coarse grid.

Figure 3.5: Surface y+ contours extracted from the HMB3 solutions for the empty duct cases.

the automation framework and the chimera method. Non-chimera simulations were performed
at few conditions for comparisons, to verify the chimera strategy for current cases. As shown in
the following sections, the agreement to chimera results is excellent, despite the differences in the
grids and numerical methods used.

Table 3.3: Component grid details (million cells) for the mesh convergence study of the chimera
method.

Grid Size/ Local Near-field

[Million Cells] Background Refinement Centre-body Duct Total Total
Coarse 0.77 1.08 1.85 6.97
Medium 0.74 4.38 1.54 2.16 3.70 8.81

Fine 3.08 431 7.39 12.51

It is difficult to perform grid convergence studies for complex cases such as the current
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one, especially when chimera grids are involved. The capability of adjusting component grids
independently using chimera grids adds to the flexibility of the simulation framework, but the grid
convergence study is made more complicated. Moreover, due to the hole cutting process, the actual
number of cells involved in computations may vary with different grid combinations. To tackle the
difficulties of the chimera grid convergence study, in the current work, cell numbers of the near-
field grids, i.e. the duct and the centre-body, were progressively halved from the finest grids.
Meanwhile, the background and local refinement grids, as shown in Figure were kept constant
with sufficient cells. This was mainly due to the fact that the chimera interpolation requires a
sufficient amount of cells in the background grids for interpolation. Nevertheless, this strategy
also ensured similar amounts of computational cells after the hole cutting in the background, for

foreground grids of various cell numbers.

The calculated aerodynamic loads using the chimera grids, as well as, the finest non-chimera
grid of Table [3.3] are presented in Table[3.4] The agreement between the chimera and non-chimera
results was favourable, despite differences in grids and numerical methods. There were very small
differences between the geometry used in the chimera/non-chimera grids, as the chimera geometry
was composed automatically using the automation framework while the non-chimera geometry
was composed manually. For the chimera results, changes in lift values are almost negligible with
respect to the grid refinement. The drag and lift-to-drag ratio predictions are changing slightly and
monotonically. Lift-to-drag ratio variations over volume sizes (h>) are plotted in Figure for

the 3 grid sets. In the present study, the cell size & is represented by 1/N, 1/3

cell”’

with N,.;; denoting
the number of cells of the grid of concern. Such a definition is a compromise yet an effective
alternative, due to the complex grid topologies and geometries which make the overall cell size
hard to determine. The Richardson extrapolation 13# of the current results to zero cell size yields

only minor differences with the coarse grid results (within 0.6%).

The Grid Convergence Index (GCI) proposed by Roache 1341331 wag calculated using the

lift-to-drag values in order to quantify the grid convergence. Detailed discussions and definitions
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Figure 3.6: Lift-to-drag variations with varying volume sizes /3. The cell size h = 1/N Cl e/l‘;’ where
N_,.;; takes the sum of the near-field grid cell numbers as presented in Table @

Table 3.4: Aerodynamics loads comparisons of the empty duct at AcA = 10° computed using the
chimera grids of three different sizes and the finest non-chimera grid.

Grid Type  Grid Size Total Cell Numbers ‘ Lift C; Drag C; Lift-to-Drag Ratio C;/Cy

Coarse 6.97 0.670 0.130 5.159

Chimera Medium 8.81 0.670 0.129 5.186
Fine 12.51 0.670 0.129 5.188

Non-Chimera Fine 15.26 ‘ 0.641 0.126 5.084

of the GCI calculations can be found in References 341351 A’ GCI ratio close to 1.0 indicates
the grid convergence is entering the asymptotic range and further reducing the cell size will only
marginally improve the result. In the current work, the refinement ratio r was defined as % or
Z—’f, where hy,hy,, he are grid sizes of the fine, medium, and coarse grids as defined earlier. A
constant grid refinement ratio throughout the study is ideal for the GCI calculation, while integer

(1341 " n the present study, for the

refinement such as grid doubling is not essentially necessary
near-field grids, the refinement ratio was constantly 1.26. While for the total grids, the refinement

ratios were around 1.1 with slight variations.

The GCI values calculated for the 2 levels of refinement in the present study are given in
Table [3.5] With cell sizes denoted using either near-field or total grids, the GCI values were small
and were decreasing with the refinement, suggesting that the relative errors were reducing with

finer grids. For both cell size representations, the GCI ratio value approached 1, indicating that the
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grid convergence was entering the asymptotic range. Overall, the grid convergence study suggested
that, using the current simulation strategy, grids of around 8 to 12 million total cells can reach the
sufficient convergence for the empty duct simulation.

Table 3.5: Grid Convergence Index (GCI) 132 calculations using the lift-to-drag ratio values with
the 3 levels of grid sets in Table @, using both near-field and overall cell size representations.

Near-Field Grids
Refinement Ratio GCI GCI Ratio
Coarse-Medium 1.26 3.53x 10~*
Medium-Fine 1.26 1.78 x 1077 99.97%
Overall Grids
Refinement Ratio GCI GCI Ratio
Coarse-Medium 1.08 3.39x 104
Medium-Fine 1.12 3.76 x 10~° 99.97%

A further comparison was made in Figure[3.7|by comparing the duct and centre-body surface
pressure distributions, extracted from simulations using the coarse chimera/non-chimera grids and
the two CFD solvers. In general, very good correlations between solvers were observed. The
agreement between different grid methods was also favourable, except that the overset simulations

see more small pressure oscillations, which is noted in both HMB3 and Fluent’™

results. This may
be due to the differences of geometry composition. Larger differences were mostly noted at sharp
geometry transitions (diffuser exit and centre-body transitions), where the chimera grids and the

Fluent’™

solver tended to give smoother predictions. Requirements of computational resources
for the Fluent’™ and HMB3 steady simulations using the same baseline grid (6.6 million cells) are
tabulated in Table [3.6] It can be seen that the HMB3 solver required significantly lower resources

over the general-purpose commercial solver in the present work.

Table 3.6: Computational resources comparisons between HMB3 and Ansys Fluent’™ using the
same baseline grid.

Grid size (cells [Million]) Memory Consumption ([GB]) CPU Time ([cores*hours])

Fluent’™ 6.6 ~40 ~384
HMB3 6.6 ~21 ~100

Further steady RANS simulations (AoA < 15°) of the empty duct configuration were thus
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Figure 3.7: Comparisons of duct and centre-body surface pressure distributions extracted from
HMB3 and Fluent’™ results, using non-chimera and overset grids.

performed using coarse chimera grids of 6.6 million cells with both HMB3 and Ansys Fluent’".
The use of this coarse grid here is mainly due to the large computational resource requirements
of Fluent’™ . Steady HMB3 simulations using fine chimera grids of 10.2 million cells were also
performed, but only minor differences were obtained, as can be expected from the previous grid
refinement study. However, the fine chimera grid is used for unsteady HMB3 SAS simulations

at high cross-wind angles. Lift and drag variations with increasing angles of attack are shown in

Figures|3.8(a)|and[3.8(b)l Fluent’™ RANS results using the same coarse chimera grid with overset

interfaces are also plotted.

Lift coefficients (Figure derived from the steady RANS simulations, by HMB3 and

tTM

Fluent’ ™ solvers, were in favourable agreement with experimental data, until approximately AoA >

15°. The drag predictions (Figure|3.8(b)) saw larger discrepancies. Yet HMB3 results managed to

t™™ results

predict well the trend of drag variations with respect to increasing AoA, while the Fluen
showed a different trend.

Beyond AoA = 15°, large differences were observed between tests and steady simulations

in lift predictions. Both solvers showed difficulties predicting the loads using steady methods, as
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Figure 3.8: Aerodynamic force variations with increasing AoA for the empty Grunwald duct.

large separation is expected on the up-stream inner and the down-stream outer surfaces at higher
incidences. Thus unsteady SAS simulations on the fine chimera grid using HMB3 were preferred
for higher cross-wind angles. SAS simulations were not performed using Fluent’" as the SAS
methods were not yet supported with the overset grid features in the employed release (2019R3).

Shown in Figures [3.9(a)| to [3.9(¢)| are iso-surfaces of dimensionless vorticity magnitude equal to

1, indicating the shedding vortices. Dimensionless y-vorticity contours on the middle plane (Y=0)

are presented in Figures [3.9(b)| to 3.9(1)| for AvA = 20°,30°,40°, respectively. Flow separation

arose from increasing AoA, first at the upstream diffuser exit, especially after the abrupt geom-
etry expansion where a sudden adverse pressure gradient should be seen. As the AoA further
increased, as shown in Figures at AoA = 30° and at AoA = 40°, complex separation
dominated the entire inner upstream surface starting from the leading edge. Large separation was
also seen on the downstream outer surface. The wake of the upstream separation was also hitting

the centre-body surface, creating more complex secondary flows. The 3D iso-surfaces, as shown

in Figures [3.9(a)| to 3.9(e)| suggested low-frequency, large, hair-pin-like vortices shedding from

the downstream outer surface, arising from the lip. While high-frequency, smaller vortices were
seen shedding from the upstream diffuser surface. For more quantitative comparisons, as plotted

in Figures [3.8(a)| and [3.8(b)| the aerodynamic loads were well predicted in reasonable agreement
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with the test data at high angles of attack, despite the large separation shown in Figures to

3.3 Validation of Ducted Propeller in Axial Flight

Simulations for the ducted propeller in axial flight in this section were performed using the Ro-
tating Reference Frame (RRF) approach mentioned earlier. The axisymmetric, stationary walls,
e.g. the duct surface, were resolved by imposing opposite rotational velocities. Note that sim-
ulations are were performed of the un-ducted propeller with the duct removed, under the same
pitch and RPM settings. Computations using the lower-order codes DFDC and XRotor were also

performed, respectively, for the ducted propeller and the open propeller.

It should be mentioned that the blade pitch By75 documented in the experimental report [18]
is 24°. This setting was applied and examined using both DFDC and HMB3 codes, and yielded
significantly lower thrust and torque. The pitch angle was then corrected by varying the pitch to
match the total thrust using the DFDC code. This resulted in a fy75 of 29.58° under the same
RPM, free-stream speed and geometries. The same pitch setting was then applied in the CFD

simulations and delivered favourable agreement with the test data.

A grid convergence was also performed for CFD simulations of the ducted propeller in axial
flight at © = 0.191. The grid convergence was again carried out by progressively and systemati-
cally varying the near-field grids, i.e. the duct, the centre-body, and the blade. The far-field grid,
however, was always the finest and kept constant. Detailed cell numbers of the grids of 3 sizes
and 2 refinement levels are listed in Table The resultant grid refinement ratio in the near field
was about 1.25, which means cell numbers were doubled through each refinement level. For the
total grid the ratio was lower at about 1.08, due to large cell numbers in the background grid. The
GCI and the GCI ratios were calculated using the Froude efficiency values in order to quantify the

convergence. For all near-field grids, while varying the grid cell numbers, the first layer height was

kept the same. Figures|3.10(a)|to [3.10(c)| present the y+ contours on the ducted propeller surface

for the fine, medium, and coarse grids, along with the surface mesh points. The y+ values and
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Velocity Magnitude: 0 0.3 06 09 1.2 15

(a) Empty duct wake at AoA = 20°. (b) Y vorticity contours at AcA =
20°.

(d) Y vorticity contours at AcA =
30°.

Velocity Magnitude: 0 0.3 0.6 09 12 15

(e) Empty duct wake at AoA = 40°. (f) Y vorticity contours at AcA =
40°.

Figure 3.9: Instantaneous iso-surfaces of non-dimensional vorticity magnitude equal to 1 for the
empty duct at AoA = 20°,30°,40° using SAS simulations, coloured with non-dimensional velocity
magnitude.

92



CHAPTER 3. NUMERICAL VERIFICATION

distributions were almost identical for all grids. The y+ values were mostly maintained around 1
on the duct and centre-body surfaces. On the blade upper surface, the computed y+ values at mesh
points near the maximum camber were around 2, which could be associated with the strong local
flow conditions. Overall, the y+ values were maintained of the magnitude of 1 for grid convergence

study.

Table 3.7: Details of the Chimera grids used for ducted propeller simulations in axial flight (in
million cells).

Blade Centre-body Duct Near-field Background  Total

Total
Coarse  1.33 0.243 0.385 1.958 8.72 10.678
Medium  2.13 0.513 0.77 3.413 8.72 12.133
Fine 4 1.27 1.54 6.81 8.72 15.53

Table 3.8: Grid convergence study for simulations of the ducted propeller in axial flight at u =
0.191.

Near-field
Refinement Ratio  Grid Convergence Index (GCI) GCI Ratio
Coarse-Medium 1.20 2.80x 1073
Medium-Fine 1.26 5.00 x 10~* 99.82%
Total
Refinement Ratio  Grid Convergence Index (GCI) GCI Ratio
Coarse-Medium 1.04 2.40 x 1073
Medium-Fine 1.08 1.00 x 1074 99.82%

As can be noted in Table @ the GCI values, calculated using both near-field and total
grids, are small and are decreasing with refined grids. The GCI ratio values are very close to 1.0,
indicating that the convergence is in the asymptotic region. The Richardson extrapolation 34!
based on Froude efficiency results from the 3 at infinitely small cell size is very close to the fine

grid result, with a relative error within 0.5%.

Flow-fields of the ducted/un-ducted propellers at ¢ = 0.191 in axial flight with the finest

grids are shown in Figures [3.11(a)]and [3.11(b)l The tip vortices are visualised using iso-surfaces

of dimensionless g-criterion of 0.5. The axial velocity V, is normalised by the free-stream velocity.
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medium

(a) Fine grid. (b) Medium grid.

coarse

(c) Coarse grid.

Figure 3.10: Surface y+ contours extracted from HMB3 solutions for the ducted propeller cases.

The ducted propeller is shown to produce weaker tip vortices and the wake is slower and smoother,
comparing to the un-ducted counterpart at this axial speed. This is due to the duct diffuser that
expands and slows down the exit flow, recovering the kinetic energy to pressure energy. These
result in higher duct thrust, as well as, less intrusive wake to the environment, which is particularly

favourable for operations near communities.

Figures [3.12(a)| and [3.12(b) show good correlation between the methods for averaged pres-

sure distributions along the centre-body and duct. The pressure coefficients from HMB3 simula-

tions were averaged over azimuth to compare with the axisymmetric results from DFDC.

Comparisons between experiments and HMB3 simulations, as well as, the breakdown of

propulsion forces, are listed in Table[3.9)and shown in Figure[3.13(a)|and [3.13(b)] and good agree-
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(a) Ducted propeller wake and axial velocity con- (b) Open propeller wake and axial velocity contours.
tours.

Figure 3.11: Instantaneous flow-fields of the ducted/un-ducted propellers at ¢ = 0.191 in axial
flight with the finest grids (k- SST). The tip vortices are denoted by iso-surfaces of dimensionless
g-criterion of 0.5. The axial velocity V; is normalised by the free-stream velocity.
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(a) Cp distribution on the duct (b) Cp distribution on the centre-body
Figure 3.12: Time-averaged pressure coefficient distributions along the duct and centre-body sur-

face. The peak and averaged values predicted by HMB3 are compared with the method of M.
Drela 47521
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ment can be noticed between CFD, simpler predictive methods, and the test data. Note that all force
and moment data were normalized using the far-field dynamic pressure, the duct chord length Cy,,,
and the projected duct area S;, = Cyj, X Dexir, Where Dey;; 1s the duct exit diameter. Also presented
are results for the open propeller configuration at the same pitch and RPM from HMB3 and XRo-
tor 1321 The XRotor results were regarded as less accurate due to the lower-order nature. The
purpose was to add more confidence to HMB3 results in the absence of experimental data, and
the agreement between methods seen here was favourable. At this advance ratio(u = 0.191) and
pitch setting, the ducted and un-ducted configurations produce similar amount of total thrust, but
the ducted propeller generates about 10% less torque and is hence slightly more efficient. Relative
differences with respect to the experimental results are presented in Table [3.10] The error was

defined as
[prediction] — [exp]
[exp]

[ERROR] = x 100%, 3.1)

where [prediction] denotes predicted values and [exp] denotes the corresponding experimental
data. It can be noted that differences between the HMB3 results and the experiments were minor
in this case. The DFDC code offered fast and reasonable thrust predictions, but the torque was

highly over-predicted.

Table 3.9: Aerodynamic loads breakdown and comparisons between experiments, HMB3 simula-
tions and simpler predictive methods (OP stands for Open Propeller here).

Cry ‘ EXP  Contribution ‘ DFDC Contribution ‘ HMB3  Contribution ‘ HMB3_OP Contribution ‘ XRotor_OP

Total | 140 100% | 1.416 100% | 1.396 100% | 1355 100% | 139

Rotor 1.00 71.4% 0.912 64.4% 0.985 70.6% 1.418 104.7% 1.39
Duct(with CB) | 0.40 28.5% 0.504 35.6% 0.410 29.4% - - -
Centre-body - - - 0.068 4.9% -0.063 -4.7% -
Propeller Cy, | 0.27 - | 0391 - | 0.279 - | 0313 - | 0391
Efficiency | 0.713 - | 0498 - | 0.687 - | 0594 - | 0489
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(a) Ducted propeller loads breakdown at ¢t = 0.191 and comparisons be-
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(b) Un-ducted propeller loads breakdown at pt = 0.191 and comparisons
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Figure 3.13: Aerodynamic load breakdown of the Grunwald™®! ducted/un-ducted propellers at
U =0.191 and comparisons between HMB3, experiments, and DFDC/XRotor results.

Table 3.10: Relative errors with respect to the experimental data of DFDC and HMB3 predictions
for the Grunwald I8! ducted propeller at u = 0.191.

Duct&Centre-body

Total Thrust Rotor Thrust Propeller Torque Froude Efficiency

Thrust
DFDC 1.14% -8.80% 26% 44.81% -30.15%
HMB3 -0.32% -1.47% 2.56% 3.35% -3.65%
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3.4 Validation of Ducted Propeller at Cross-wind

Validation of the ducted propeller at cross-wind was also attempted. For these simulations, the
complete computational domain and blade motions had to be used. The grid size for the ducted
propeller simulation is of around 16.5 million cells considering the computational cost. Simula-
tions of the open propeller were also performed at the cross-wind angle of 20° for comparisons.
The ducted propeller simulations are performed at AoA = 20° and AoA = 50° at the advance ratio
of 0.191. Unsteady SAS simulations 12! were utilized, because of the large unsteadiness and the
possibly large-scale separation on the duct surface at cross-wind. The simulations adopted a time
step of 1°/step. The dominant vortex shedding frequency of the duct is around 28 Hz estimated
from the cylindrical shape, while the propeller blade passing frequency is around 400 Hz. The
1°/step step size is fine enough for both propeller and separation flows. Finer time steps are of
course desirable, but they are restricted by computational costs. The DFDC code cannot be used

in these cases as the axisymmetry assumption no longer applies.

Wake features of the ducted propeller operating at AoA = 20° and AoA = 50° are presented

in Figures |3.14(a)| to [3.14(c)| respectively. At AoA = 20°, the open propeller wake was preserved

well by the high-fidelity HMB3 simulation. The wake was generally shifted by the free-stream,
and vortices were noticed forming up behind the cylindrical centre-body. The ducted propeller
wake was seen less strong, but consisted mostly of the blade tip vortices with slight distortion by
the free-stream. It was also observed in the aerodynamic loads measurements in Figures
and that this test point remained in the linear regime. At AoA = 50°, complex flow features
were noted as in Figure The tip vortices were interacting with the separation flow from

the duct inner surface. Separation was also observed at the downstream outer surface.

Aerodynamic load variations with increasing angles of attack are plotted in Figures
and[3.15(b)} Note that the AoA = 0° data was taken from the previous steady RRF simulations. The
unsteady loads are averaged over azimuth. The AoA = 0° data was extracted from axial flight sim-
ulations. Very good agreement with test data is seen at AoA = 20°. At AoA = 50°, good agreement

was seen in the lift prediction, but larger discrepancies were seen in the drag and consequently the
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(a) Open propeller wake at AoA = 20°.

Cp: -7 -54-3.8-22-06 1
(c) Ducted propeller wake at AoA = 50°.

Figure 3.14: Instantaneous iso-surfaces of dimensionless g-criterion=5.0 (normalized by free-
stream speed) for the ducted propeller at AoA = 20° and 50°, coloured with pressure coefficients.
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(b) Longitudinal force(drag or propulsion) and pitching moment coefficients of the ducted
propeller at increasing AoA.

Figure 3.15: Aerodynamic loads on the Grunwald ducted propeller working at high AoA condi-
tions.
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moment prediction. The current simulation at AcA = 50° showed reasonable agreement despite
the large separation and unsteadiness, but it could perhaps be improved with finer grids and time
steps, to resolve better the complex flow features shown in Figure[3.14(c)] In reality, however, such
an extreme condition of high advance ratio and high cross-wind angle is hardly encountered for

practical vehicles ['?!. Hence the focus was more placed on the performance at AoA = 20°.

3.5 Evaluation of Actuator Disk Models

3.5.1 Ducted propeller in axial flight

To evaluate the performance of actuator disks representing rotors in axial flight, the ducted pro-
peller test case by NASA U8l was reused here. The same advance ratio of 0.191 with the same
RPM of 8000 and fy75 = 29.58° was chosen. At this condition, the propeller disk was carrying
about 70% of the total thrust and all the torque with approximately C7 = 0.036 and Cp = 0.014 as

discussed in previous sections.

The current simulations used actuator disk models with simply uniform thrust distributions
on grids of about 9 million cells without the blades, which are more than sufficient according to
previous grid sensitivity study. The tangential disk loadings, i.e. the torque contributions, were
also examined here by introducing a uniform torque distribution. First, comparisons of the duct
and centre-body thrust are presented in Table [3.1T] Comparing to the blade resolved simulation,
the simple uniform actuator disks gave very close predictions of the duct and centre-body thrust.
When the tangential loading was included, the duct thrust predictions were very slightly higher

while the centre-body thrust was slightly lower.

Table 3.11: Duct and centre-body thrust comparisons between resolved blades and actuator disk
models at u = 0.191.

Rotor modelling Duct thrust/[N] Centre-body thrust/[N]
Resolved blades 42.29 8.83
Uniform(with tangential loading) 44.73 10.28
Uniform(without tangential loading) 43.52 11.02
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Figure 3.16: Time-averaged pressure coefficient contour comparisons between the resolved blades
and uniform actuator disk with and without tangential loadings (k-@ SST).

Comparisons of flow-fields are presented in Figures [3.16(a)| to [3.16(c)| in terms of time-

averaged pressure coefficient contours, while the time-averaged surface pressure coefficients are

presented in Figures [3.17(a) and [3.17(b)l The uniform actuator disk models induced very similar

pressure fields compared to the blade-resolved simulation. The simplified model predicted well
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the duct surface pressure, and only minor differences were seen by the tangential loading. The
differences are mostly limited in regions near the blade root and the centre-body trailing edge. The
uniform actuator disks induced larger suctions at the blade root. When the tangential loading was
included, the pressure at the centre-body’s trailing edge was reduced because of the swirl velocity
and was hence closer to the blade-resolved simulation. Overall, the uniform actuator disk model
was shown capable of modelling rotors in axial flight with sufficient accuracy, and the tangential

loading caused only minor differences.

Uniform(no tangential loading)
————Uniform(with tangential loading)
* resolved blades

Cp/l-]

x/c/[-]

(a) Duct surface.

Uniform(no tangential loading)

=— — — = Uniform(with tangential loading)
* resolved blades

Cp/[-]

A
x/c/[-]

(b) Centre-body surface.

Figure 3.17: Time-averaged surface pressure coefficient distributions on the duct and centre-body
surfaces using resolved blades and uniform actuator disk with and without tangential loadings.

3.5.2 Rotor/wing Interactions

To verify the actuator disk/line representation for rotors in edgewise flight, a rotor/wing interaction

test case by Leishman and Bi 3] was adopted. This test was chosen for the simple geometry,
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conditions, and the well documented steady and unsteady data. The test configuration consists of a
rotor, a lifting surface, and a simplified fuselage, as shown in Figure[3.18] Details of the geometries

can be found in Refs! 33136l

. The experiments varied the advance ratio and the position of the
lifting surface, but only limited data was available in the public domain. For the current work, two
advance ratios were selected with the lifting surface on the rotor advancing side, as listed in the test
matrix in Table The rotor trimming data was acquired from CFD simulations by Sugawara
and Tanabe 131 Simulations were performed with the rotor modelled using resolved blades, the
steady non-uniform actuator disk, and the unsteady actuator line for comparisons. The actuator

disk/line models here adopted the same non-uniform disk loading based on empirical data 7!

representing a trimmed edge-wise flight rotor.

The grid topologies are shown in Figure[3.18] Grids were generated separately for each com-
ponent to ensure high quality. The grids were later assembled for computation using the Chimera
method. Uniform grids were used as the off-body grids. Near the main rotor, the cell size was kept
at 15% of the rotor blade chord, as recommended by previous grid convergence study by Sugawara
and Tanabe 1391 The overall grid for the blade-resolved simulations had about 26 million points.
Replacing the blades with actuator disk models reduced the grid size by about 10 million points.
The simulations were performed using the 3"?-order MUSCL scheme and the k — @ SST model.
The simulations were performed using 360 time steps for one main rotor revolution. Different time
steps were examined, but only minor influence on the results was noted. In terms of computational
costs for the current simulations, the blade-resolved simulations required about 18 CPU hours for
one unsteady time step, while the actuator line approach required only about 3 CPU hours to reach

the same convergence level for each unsteady step.

Table 3.12: Current test matrix for the rotor/wing configuration by Leishman and Bi [133,

Case Series Rotor model Advance ratio  Wing position
1 resolved blades
2 steady actuator disk 0.075,0.25  advancing side
3 unsteady actuator line

Flow details resolved by the steady actuator disk, unsteady actuator line, and the resolved
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lifting surface

Figure 3.18: Geometry and grid topology of simulations of the wing/rotor interaction tests 33

blades approaches are shown in Figures [3.19(a)| to [3.19(c)| at the lower advance ratio of 0.075,

and in Figures 3.19(d)| to [3.19(f)| at the higher advance ratio of 0.25, respectively. The actua-

tor disk models filtered out most flow details and provided a somewhat averaged flow solution,
mostly induced by the rotor downwash velocities. Compared to the blade-resolved simulations,
the aerodynamic phenomena resolved by the actuator line approach are very similar. The main
aerodynamic features, i.e. rotor tip and root vortex systems, their mutual interactions and interac-
tions with the fuselage and the wing, and the super vortex forming up in the wake, are all resolved
with reasonable accuracy by the actuator lines at much reduced computational costs, especially at
the higher advance ratio of 0.25. Nonetheless, the actuator line approach could not resolve more
flow details comparing to the blade resolved simulations, e.g. the blade vortex interactions and
the shear layers trailing the rotor blades. Also, it should be noted that the actuator line approach
gives lower vorticity magnitudes, compared to the resolved blades, although the obtained wake

shapes are very similar. This is apparently due to the lack of boundary layers and shear layers in
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the actuator line model.

(a) Steady actuator disk at u =
0.075. 0.075.

Vorticity Magnitude: 0 0.06 0.12 0.18 Vorticity Magnitude: 0 0.06 0.12 0.18 Vortcity Magnitude: 0 0.06 0.12 0.18

(d) Steady actuator disk at u = (e) Unsteady actuator line at u = (f) Resolved blades at u = 0.25.
0.25. 0.25.

Figure 3.19: Instantaneous iso-surfaces of dimensionless g-criterion = 0.0001 (normalised by tip
speed) with actuator disk, actuator line, and resolved blades representations at u = 0.075 and
u = 0.25, coloured with vorticity magnitudes (k-@ SST).

More quantitative comparisons, in terms of unsteady pressure signals at a pressure sensor lo-
cated at 65% span and 11.5% chord on the wing upper surface, are presented in Figures and
[3.20(b)| respectively for the lower and higher advance ratios. Also presented are the experimental
measurements. The experiments recorded pressure fluctuations at several stations on the wing
surface at different advance ratios, but only limited data can be found in the public domain. Note
that the data shown here have been subtracted from their respective mean magnitude, as small un-
certainties in the free-stream pressure cause large shifts in the absolute values of the signal due to
the way the data is normalised. Regardless, the numerical results have shown very good agreement
with the test data, in terms of the wave forms, frequencies, and magnitudes of signals. In general,
the blade-resolved signals contain more details and agree better with the test data. The actuator
lines resolved the dominant frequencies but filtered out higher harmonic components due to the

lack of details in the resolved flow-fields. The actuator lines smoothed out the peaks because the
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Gaussian used tends to spread the loads out, and the interaction with the wing is hence less intense.
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(b) Surface pressure signal at u = 0.25.

Figure 3.20: Comparisons of unsteady wing surface pressure signal variations between simulations
and tests by Leishman and Bi 1331,

Frequency domain analyses of the pressure signals are presented in Figures and
The frequency values were normalised using the blade passing frequency (BPF). It can
be observed that the frequency composition of the pressure signal mostly corresponded to the BPF
and its harmonics. The experimental data contain more contents at the high frequency region due
to effects such as flow separation and turbulence. The blade-resolved simulations captured the low
frequency compositions well and resolved some of the medium to high frequency contents, but
higher frequencies were filtered out. The actuator line method managed to resolve the first 3 to 4

major harmonics, but missed the rest of the frequency components.

Time-averaged wing surface pressure distributions solved using resolved blades, actuator

disk, and actuator line models at 3 wing stations are presented in Figures [3.22]to[3.24] along with
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(a) Surface pressure signal at 4 = 0.075.
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(b) Surface pressure signal at y = 0.25.

Figure 3.21: Frequency domain comparisons of unsteady wing surface pressure signal variations
between simulations and tests by Leishman and Bi 33l The frequencies were normalised using
the blade passing frequency (BPF).

time-averaged flow details resolved by the actuator disk models and the resolved blades to highlight
their comparisons. Influence of the tangential loading component of the actuator disk model was

also examined here by adding a uniform torque distribution.

As can be noted from the presented flow-fields, at this low advance ratio of 0.075, a large
proportion of the wing lower surface was suffering from excessive flow separation up from the
wing leading edge. The resolved blades and the actuator line model hence offered better pressure
predictions at y/b = 0.3. The differences on the wing lower surface were larger due to the inherent
limitations of URANS approaches when handling massive separation. Still, the blade-resolved and

actuator line predictions were rather close to the experimental data.

At y/b = 0.6 section, the blade-resolved simulations provided accurate predictions on the
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wing upper surface, but the differences on the lower surface were larger. Discrepancies of the
actuator disk and actuator line predictions were notably larger at this section, especially for the
actuator line model on the wing upper surface. These should be due to size differences of the
separation region predicted by different models. As can be noted in the flow field comparisons in
Figure no flow separation was present at the wing lower surface according to the actuator
disk/line model predictions, while the blade-resolved simulations predicted complete separation

on the wing lower surface.

Aty/b = 0.8, the pressure coefficient differences were small and close to zero. The blade-
resolved prediction had reasonable agreement but deviated slightly from the test data. This was
also reported by Sugawara and Tanabe 30 in their simulations. The actuator line model provided
accurate predictions near the leading edge, and the discrepancies were larger near the trailing edge.
This station is close to the wing tip and is also impinged by the rotor tip vortices, hence finer spatial

and temporal resolutions may be necessary to resolve the delicate flow details.

The AD models induced similar flow features as shown in Figures [3.22] to [3.24] compared
to the blade-resolved simulations. In general, the tangential loads brought only marginal improve-
ment to the results due to the inclusion of swirl velocities. The flow convergence, however, was
seriously hindered as also have been suggested by Chaffin et. al.l'3”] Regardless of the tangential
loading, flow separation below the wing was induced properly by the actuator disk models, but the
separation region was smaller and extended less in the span-wise direction than that of the resolved
blades, as shown in Figure Still, as a first modelling approach, the actuator disk offered re-
sults in reasonable agreement with the test data for this complex flow. The actuator line model
managed to resolved the dominant flow features with more details thanks to the blade motions.
However, the downwash induced by the actuator line model was slight weaker than the actuator
disk model. This is reflected in the smaller size of the separation region predicted under the wing.
This suggests that the time-dependent Gaussian kernel should be improved to preserve the disk

strength.
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Figure 3.22: Time-averaged wing surface pressure coefficient and instantaneous flow field com-
parisons at wing section y/b = 0.3 at u = 0.075.
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Figure 3.23: Time-averaged wing surface pressure coefficient and instantaneous flow field com-
parisons at wing section y/b = 0.6 at u = 0.075.
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Figure 3.24: Time-averaged wing surface pressure coefficient and instantaneous flow field com-
parisons at wing section y/b = 0.8 at u = 0.075.

3.6 Chapter Summary

This chapter presented the validation of numerical methods, geometry, meshing tools, and simu-
lation strategies for open and ducted propellers. HMB3 validation results on the empty duct and
ducted propeller configurations at various operating conditions, as well as, evaluations of the ac-
tuator disk/line models have shown very good agreement with test data, lower-order predictive
methods, and commercial CFD solvers. The following conclusions can be derived from the vali-

dation study in this chapter:

1. The automatic meshing tool was first examined. The meshing toolchain is capable of gener-
ating high-quality and ready-to-run grids for various geometries and different CFD solvers.
With this meshing toolchain, the efforts required for mesh generation is greatly reduced
from hours to minutes. This toolchain was used throughout the thesis to assist the mesh

generation and was later used for a parametric study of ducted/open propellers.

2. Numerical methods of variable fidelity levels for ducted/open propeller simulations are
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evaluated and validated. Aerodynamic simulations of the ducted propeller test case!®!
were performed using various numerical tools (HMB3, Fluent’™  DFDC/XRotor), differ-
ent grids (chimera/non-chimera), modelling strategies (steady RRF/ unsteady mesh mo-
tions) and turbulence modelling options (RANS/SAS), and at various operating conditions.
The high-fidelity HMB3 results showed very good agreement with experimental data, com-
mercial solvers, and lower-order predictive methods. The lower-order codes, DFDC and
XRotor, offered rapid and reasonable performance predictions in axial flight, but the torque
was often highly overpredicted (45% off the experiments). Crosswind conditions could
not be accounted for by simple methods. The HMB3 solver required significantly lower

computational resources (about 75% less) compared to the commercial code Fluent 7™,

3. Strategies for high-fidelity aerodynamic simulations of ducted/open propellers are verified.
The Rotating Reference Frame implementation in HMB3 was proven well-suited for duct-
ed/open propeller simulations in axial flight or hover. Grid motions with chimera methods
in HMB3 were successfully applied to cross-wind simulations. The HMB3 RANS and
SAS modelling managed to predict the empty duct and ducted propeller loads at increasing
cross-wind angles. Overall, the HMB3 solver has shown great accuracy, efficiency, and

flexibility for simulations of ducted/open propellers at various operating conditions.

4. The actuator disk (AD) or actuator line (AL) modelling of rotors in axial or edgewise
flight can deliver flow predictions with reasonable accuracy at much reduced computational
cost. The AD and AL modelling approaches were carefully examined and compared with
blade-resolved simulations. For the ducted propeller in axial flight, the uniform actuator
disk modelling brought quite accurate predictions of duct thrust and flow details. For the
wing/rotor interaction case, the AD and AL modelling brought reasonably accurate predic-
tions of steady and unsteady pressure fields, as well as, the flow details including excessive
flow separation below the wing. The tangential disk loading was found to have limited

improvements on the results, but the convergence was hindered due to the swirl velocities.

The next chapter presents more details and discussions derived from these simulations.
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Chapter 4

Aerodynamics and Aeroacoustics of the

Ducted/Open Propellers

To examine the suitability of the ducted propeller as auxiliary propulsion or lift for novel rotorcraft
configurations, performance at various operating conditions was investigated and discussed in this
chapter. The key results and novelties from this chapter are the systematic performance analysis at
various operating conditions, and the detailed flow analysis to provide more insights into the flow
physics resolved by high-fidelity simulations, as well as, near- and far-field acoustic features of the

ducted/open configurations.

The advance ratio range in axial flight was extended to explore performance changes at low
and high speeds. More flow details were extracted from simulations at cross-wind and analysed.
Comparisons were also made against the open propeller configuration, working at the same RPM,
blade pitch, and free-stream velocities. Moreover, the near- and far-field acoustic performance of

the ducted/open counterparts in axial flight was also computed and studied.

! This chapter has been published in Zhang, T. and Barakos, G. N., High-fidelity CFD validation and assessment of
ducted propellers for aircraft propulsion, Journal of the American Helicopter Society, Vol. 66, No. 1, 2021, pp. 128.
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4.1 Aerodynamic Performance in Axial Flight at u = 0.191

From the numerical validation results in the previous chapter, it can be noticed that at 4 = 0.191
the total thrust of the ducted propeller was slightly higher than the open propeller, while the torque

was lower, as presented in Table and Figures[3.13(a)|and [3.13(b)| This section aims to identify

the origin of the performance benefits of the ducted propeller at this baseline operating condition.

To compare the thrust contributions, the axial momentum and pressure contours for the

ducted/un-ducted propellers are shown in Figures 4.1(a)|to4.1(d)l The presence of the duct accel-

erated the flow ahead of the propeller but slows down the wake downstream. Further, as shown in

Figures 4.1(a)and 4.1(b)| the inflow was accelerated by the duct curvature at the inlet. This led to

a lower local static pressure and caused the blades to work at higher inflow velocities. The blades

were hence offloaded and produced only 70% of the total thrust.

The axial mass and momentum flow rates measured at the diffuser exit for both configura-
tions are presented in Table .1 The presence of the duct increased the mass and the momentum
flow rates in the axial direction at this advance ratio, which corresponds to the higher overall thrust.
The same qualitative result can also be derived from simple momentum theory analyses of ducted
rotors, considering the forced expansion of the wake at the diffuser exit.

Table 4.1: Axial mass and momentum flow rates from HMB3 simulations for the ducted and un-
ducted propellers at it = 0.191, integrated over the diffuser exit section (see Figures {.1(a)).

Configuration ‘ Axial mass flow rate i Axial momentum flow rate riu

Open propeller 1.363 1.946
Ducted propeller 1.439 2.139

To further verify the contribution of the duct, which carried about 30% of the total thrust
as presented in Table the pressure coefficient distribution and surface pressure vectors at
uw = 0.191 were extracted and presented in Figure It 1s clearly shown that the leading
edge suction and the recovered pressure at the diffuser, both contributed to the thrust gain of the
ducted propeller. The propeller suction further decreased the pressure on the inner side of the duct,
especially at the inner side leading edge before the rotor disk, where the suction forces resided. A

pressure jump is caused by the rotor disk. A low pressure peak limited to a very small area can
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(c) Ducted propeller pressure coefficient con- (d) Open propeller pressure coefficient con-
tours. tours.

Figure 4.1: Instantaneous axial momentum (normalized by the far-field axial momentum) and
pressure coefficient comparisons between the ducted propeller and the open propeller at 4 = 0.191,
y = 0°. Thick blue lines denote the diffuser exit sections.

be observed due to the sudden transition of the geometry at the diffuser. The static pressure then
gradually recovers inside the diffuser. Overall, the pressure formed a slightly inwards force that

has a large axial propulsive component.

Table 4.2: Axial moments breakdown for the Grunwald “*! ducted propeller and the open propeller
at 4 = 0.191. Contributions from the centre-body were negligible and were not presented here.

Cux | HMB3y, Contribution | HMB3,, Contribution

Total | 0.282 100% | 0314 100%
Rotor | 0.279 99.07% 0.313 99.8%
Duct | 0.0027 0.96% - -

In terms of torque contributions, as shown in Tabled.2] the ducted propeller produced lower

115



CHAPTER 4. AERODYNAMICS AND AEROACOUSTICS OF THE DUCTED/OPEN
PROPELLERS

DFDC-mu=0.0 + B DFDC-mu=0.191
HMB3-mu=0.0| 6 HMB3-mu=0.191

Q. L
o |
21
0 ;
AN
| | | | | 1 4 L 1 | | | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
x/c x/c
(a) Azimuth-averaged duct surface pressure distribu- (b) Azimuth-averaged duct surface pressure distribu-
tion at 4 = 0.0. tion at 4 = 0.191.
sl . DFDC-mu=0.382 2
C HMB3-mu=0.382 r Total
L Pressure
oF Viscous
4f
-2 ?
o |
o oL
2F
o
sF
L 1 | | |
8 0 0.2 0.4 0.6
Advance Ratio
(c) Azimuth-averaged duct surface pressure distribu- (d) Duct pressure and viscous forces breakdown at in-
tion at u = 0.382. creasing advance ratios.

Figure 4.2: Comparisons of duct surface pressure distributions (azimuth averaged) at low, medium,
and high advance ratios, using HMB3 and DFDC calculations. Surface pressure force vectors are
extracted from HMB3 simulations.

torque than the open propeller, which is due to the higher inflow and hence offloaded propeller
loading. Further, the torque almost all came from the rotor with negligible contributions from
the duct and the centre-body. For the current case at 4 = 0.191, the combination of the slightly
higher overall thrust and the reduced overall torque led to a higher propulsive efficiency (Froude
efficiency) of the ducted propeller by about 0.1 compared to the open propeller. This performance

improvement was only moderate due to the advance ratio in this case, which was the highest
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advance ratio throughout the experiments 8.

Overall, it can be concluded that the duct increases the overall performance by offloading the
propeller and offering extra thrust at no torque cost. However, it is of interest to know whether the
ducting benefits can be maintained and how would they change at different operating conditions.

This is investigated in the following sections.

4.2 Performance Changes with Advance Ratios Variations

As investigated by several previous experiments and calculations P®12211 the efficiency of the
ducted propeller drops as the advance ratio increases. The ratio of the propeller thrust to total
propulsion increases in the meantime, indicating some losses of efficiency of the ducting at high
advance ratios. In this light, the advance ratio range of the Grunwald ducted/open propellers [18] in
axial flight was extended from 0.0 (hover) to 0.6447. The advance ratio was changed by changing
the free-stream speed while maintaining the same propeller RPM and blade pitch. The lower-order
codes DFDC and XRotor were used in this section due to the lack of experimental data to provide

additional comparisons.

The thrust breakdown of HMB3 and DFDC results at increasing advance ratios is plotted

in Figures [4.3(a){and 4.3(b)| Experimental data was available for validation only for u = 0.0 and

u = 0.191. Nevertheless, good correlations between the test data and HMB3 results, in terms
of total and component thrust, can be seen in both cases. The DFDC calculations were also in

favourable agreement with HMB3 simulations, especially at lower advance ratios.

Figure shows that as the advance ratio grew, the thrust produced by each component
dropped gradually and soon became negative. Note that at low advance ratios (¢ < 0.1), for the
cases investigated, the duct contributed more propulsion than the propeller. However, the ratio
of the duct thrust to total thrust dropped quickly as the advance ratios increased, and was soon

overtaken by the propeller thrust.

The same advance ratios were also applied to the open propeller using both HMB3 and

XRotor calculations. The agreement was good at low advance ratios, while slight discrepancies

117



CHAPTER 4. AERODYNAMICS AND AEROACOUSTICS OF THE DUCTED/OPEN
PROPELLERS

4
- N Ducted Propeller Total Thrust
.
3
2F
- 1
—
=
x |
3]
0 -
-1 ——=—— HMB3_Total Thrust
------ DFDC_Total Thrust AN
———— HMB3_Open-Propeller
------ XRotor_Open-Propeller
X Experiment-Total Thrust-mu=0.0
-2 + Experiment-Total Thrust-mu=0.191 .
3 | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Advance Ratio/[-]

(a) Total thrust of the ducted/un-ducted propellers at increasing advance

ratios.

CFx/[-]

Duct Thrust Proportion

Thrust Proportion/[%]

0 0.1
Advance Ratio

Propeller Thrust

Duct&Centre-body Thrust

——a—— HMB3_Propeller in Duct
—mimmmm DFDC_Propeller in Duct el

———— HMB3_Duct+Centre-body Ss
DFDC_Duct+Centre-body -

X Experiment-Propeller-mu=0.0
+ Experiment-Propeller-mu=0.191
X Experiment-Duct+Cenre-body-mu=0.0
+ Experiment-Duct+Centre-body-mu=0.191
| | | | | | |
0 0.1 0.2 0.5 0.6 0.7

) 0.3 0.4
Advance Ratio/[-]

(b) Propeller and duct/centre-body thrust variations at increasing ad-
vance ratios.

Figure 4.3: Ducted and un-ducted propellers thrust breakdown at increasing advance ratios. All

values normalized by the free-stream speed at 1t = 0.191 for comparison.
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can be seen at high advance ratios. This can be attributed to the fact that at the high advance ratios
studied, the local angles of attack for the blade elements become negative and the blade mostly
works near stall conditions. Due to the duct induced inflow, the ducted propeller experienced
more severe stall conditions in this situation, and the difference between the DFDC and HMB3
results was hence larger. Nevertheless, the same trend can be observed for the ducted propeller
calculations, and predictions for the duct force remained in good agreement at high advance ratios.
The un-ducted propeller was able to produce only half the thrust of the ducted counter-part in hover.
As the advance ratio increased, the ducted and open rotor thrust decreased following a similar trend.
Meanwhile, the total thrust of the ducted propeller dropped faster due to the increasing duct drag

and was overtaken by the un-ducted propeller at around p = 0.2.

Comparisons of the propeller torque for ducted and un-ducted propellers are presented in
Figure The DFDC and XRotor codes generally over-predicted the propeller torque, yet the
predictions had the same trends as the HMB3 results. The open propeller torque increased slightly
as the advance ratio increased from 0 to 0.2, then dropped quickly as p was further increased.

For the ducted propeller, however, both predictions indicate that torque decreases monotonically

with the advance ratio. The Froude efficiency (n = %) comparisons are shown in Figure 4.4(b).

Results from different methods exhibited the same tendency and were in favourable agreement.
The efficiency of the ducted propeller was higher than the open propeller by about 0.1 below u =
0.2, indicating the superior efficiency. However, the ducted propeller quickly became inefficient
than the open propeller at high advance ratios. The negative efficiency was due to the negative

thrust at 4 = 0.382.

Strength and features of the propulsor wake at low advance ratios are also of great interest.
As future civil compound rotorcraft, serving as air taxi or air ambulance, tend to operate in close
proximity to the ground in urban environments. Less intrusive wakes are therefore favourable. The
axial velocity magnitude measurements, extracted from the ducted and un-ducted simulations at

1 =0.0955 and u = 0.191, are presented in Figures [4.5(a) and #.5(b)l The velocities were ex-

tracted from the section one duct chord length downstream the diffuser exit, and averaged over the

azimuth. The dashed lines denote the local minima and maxima at each radial station, representing
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Figure 4.4: Propeller torque and Froude efficiency comparisons for the ducted and un-ducted pro-
pellers at different advance ratios. All values normalized by the free-stream speed at 4 = 0.191 for
comparison.

the speed variations with respect to the average. The velocity profiles qualitatively agree with the
wake survey by Yilmaz et. al. 221, albeit at different scales and conditions. As presented in Figure
the propeller wake shows a typical contraction with higher velocities concentrating in a
small region. Also, larger speed variations can be noted. In comparison, velocities in the ducted

propeller wake were expanded and averaged over the disk, and smaller speed fluctuations were
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observed.

When the advance ratio is increased to £ =0.191, as shown in Figure 4.5(b)| similar features

are observed, but the gap between the maximum velocities became smaller. In Figures and

4.5(b), the vertical lines denote the averaged axial mass flux (calculated as il f’}‘g‘sds /(PeeVie)) OVer

the extraction section and normalised by the free-stream axial mass flux. Both ducted and open
propellers produced higher mass flux than at the lower advance ratio of 0.0995, while the ducted
propeller produced about 30% higher than the un-ducted at this low advance ratio. At u = 0.191,
the ducted and un-ducted configurations produced similar mass flux magnitudes over the section,
with the ducted having about 4% higher. Overall, the ducted propeller is shown to have less
intrusive and smoother wake features over its un-ducted counter part at low advance ratios for the

case studied.

To further highlight the duct thrust change at different advance ratios, the azimuthally-

averaged duct surface pressure distributions from HMB3 simulations are presented in Figures

@.2(a) to 4.2(c)l along with the DFDC results. Favourable agreement between the methods was

again noted at different advance ratios. The pressure force vectors on the duct surface were also
extracted from HMB3 results. It is clearly shown that the duct leading edge provided a signifi-
cant suction force in hover (4 = 0.0). As the advance ratio increased, the pressure force on the
outboard side of the leading edge gradually became negative. This region of negative forces grew
and moved gradually inboard as the advance ratio was further increased, resulting in a net drag on
the duct. As the free-stream speed increased, the pressure jump imposed by the rotor disk was no
longer the dominant flow feature. The diffuser exit worked regardless, but the region producing
drag force was also increasing. Aty = 0.382 as shown in Figure[d.2(c)| pressure forces on the duct
outer surface were not to be ignored. Contributions of pressure and viscosity are given in Figure
The major component had always been due to pressure, but the viscous part, which always

contributed to the drag, also grew slightly with the advance ratio.

Overall, the ducted configuration showed higher efficiency over its open propeller counter-
part, in hover or at lower advance ratios. However, at fixed pitch and RPM, the benefits diminished

at higher advance ratios due to the duct thrust loss. In practice, however, the thrust and torque
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Figure 4.5: Axial velocity profile profile comparisons of the ducted and un-ducted propellers. The
error bars denote the variation envelope of the velocity profile. The thick vertical lines represent
the averaged axial mass flux.

output at high speeds is often adjusted by varying the rotor RPM or the blade pitch. The RPM

variation alters the advance ratio of the propulsor, besides changing the absolute velocity of the
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blade surface. The performance variations can be reasonably expected from the investigations of
advance ratios, as long as prominent compressibility effects are not present. It is then of interest to

see if the ducted benefits can be retained at increased pitch angles at high speeds.

4.3 Performance Changes with Blade Pitch Variations

High-fidelity HMB3 simulations and lower-order calculations using XRotor and DFDC at positive
and negative pitch changes relative to the original pitch setting of 75 = 29.58° at u = 0.191 and
0.382 are performed and analysed. Larger pitch ranges are investigated using the lower-order codes
due to the low computation cost. In HMB3 simulations, the pitch change was mostly achieved
using RBF (Radial Basis Function)-based mesh deformations. In few cases where the deformation
was causing issues for chimera interpolation, the grids were adjusted manually with the assistance

of the automation framework.

Total thrust, propeller torque, and Froude efficiency variations over pitch changes at u =

0.191 and 0.382 are presented in Figures 4.6(a)| to 4.8(b)l The lower-order predictions of thrust

by DFDC and XRotor showed very favourable agreement with HMB3 results at both advance
ratios. However, the torque was still highly over-predicted by the lower-order methods in both
cases, compared to HMB3 and experiments. This has also been noticed in previous investigations.
This consequently led to lower efficiency predictions. Nevertheless, the lower-order predictions
and high-fidelity HMB3 calculations of torque and efficiency agreed qualitatively well and were

showing the same trends responding to pitch variations at both advance ratios.

At u =0.191, the ducted propeller showed a larger thrust to pitch change ratio compared to
the open configuration (Figure 4.6(a)). The same feature was noted in the torque results as shown
in Figure This suggested that the thrust and torque outputs of the ducted propeller were
more sensitive to pitch changes. This can be attributed to the fact that the propeller inside the duct
is subject to higher axial flow speeds due to the duct induction. The ducted propeller thrust was
showing an almost linear response to pitch variations below +8°. The Froude efficiency (Figure

4.8(a))) calculated from thrust and torque results indicates the existence of an optimal pitch angle
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Figure 4.6: Thrust variations with respect to pitch changes relative to the initial By 75 = 29.58° for
ducted/un-ducted propellers at 4 = 0.191 and u = 0.382.

for the maximum efficiency at this speed. The optimal pitch angle for the ducted configuration
was near the original setting of 29.58° as in the experiments, while for the open propeller the
optimal angle was about 3° lower. However, at higher pitch angles, the ducted propeller showed
constantly higher efficiency over the open propeller by about 0.1, indicating the superior efficiency

was maintained.
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The thrust-torque map at varying pitch angles is plotted in Figure It can be seen that
the ducted propeller was able to offer much higher thrust at higher pitch angles. Moreover, for
the same thrust required, the ducted configuration required much less power input at higher pitch

angles and thrust, compared to the open propeller.
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ducted/un-ducted propellers at gt = 0.191 and u = 0.382.

At the much higher advance ratio of 0.382, favourable correlations between methods and
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Figure 4.8: Froude efficiency variations with respect to pitch changes relative to 375 = 29.58° for
ducted/un-ducted propellers at 4 = 0.191 and u = 0.382.

similar responses to pitch changes were also noticed. The ducted propeller was still more sensitive

to pitch variations. However, the ducted propeller generated constantly lower thrust than the open

propeller (Figure 4.6(b)), until very high pitch increases (> +12°) as indicated by lower-order pre-

dictions. The same was also noted in the torque results (Figure #.7(b)). The existence of optimal

pitch settings for maximum efficiency was also observed in Figure 4.8(b)l Nevertheless, the open
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Figure 4.9: Thrust-torque map of the ducted/un-ducted propellers with respect to pitch changes
relative to By 75 =29.58° at u = 0.191 and u = 0.382.

propeller efficiency was constantly higher than the ducted configuration at this high advance ratio.

Regardless, it was noted that the efficiency gap between the two configurations was reducing with

increasing pitch, although their respective efficiency values were dropping in the meantime. Ex-

trapolations of the lower-order efficiency predictions indicate a possible intersection point beyond

+30°. The thrust-torque map at varying pitch angles at this high advance ratio is presented in
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Figure[4.9(b)| For the same amount of thrust required, the ducted propeller was only more efficient

at very high pitch increases (> +14°).

Positive correlations between the propeller thrust and the duct thrust were also noted, as

shown in Figures 4.10(a)| and d.10(b)l At the same axial flow speed and advance ratio of 0.191,

the duct thrust was increased by 100% while the propeller thrust was increased by 40%, when
the pitch was increased by +8° from the original setting as shown in Figure In Figure
at u = 0.382, the duct axial force was recovered to positive values beyond +8° changes.
It can be thus argued that the duct thrust in axial flight is determined by the relative strength of the
propeller suction and the far-field velocity, rather than solely on the advance ratio or the absolute
axial velocity. Stronger propeller suction alters the velocity and pressure fields around the duct in

favour of improving the duct thrust for the case studied.

Overall, it can be concluded that the ducted propeller performance is more sensitive to pitch
changes. At high advance ratios and low pitch settings, the open propeller showed better efficiency
over the ducted counterpart. Nevertheless, it is shown that the superior performance of the ducted
propeller can be retained at high advance ratios by increasing the blade pitch. Beyond certain, high
pitch angles, the ducted propeller was able to outperform the open propeller at high advance ratios.
Higher pitch angles were required at higher advance ratios to increase the propeller suction and to

recover the duct thrust to maintain the aerodynamic benefits.

4.4 Aerodynamic Performance at Crosswind

This section presents the performance analysis of the ducted/open propellers at crosswind with
non-axial inflows. For fixed-wing aircraft, non-axial inflow conditions are often encountered dur-
ing landing, taking off, or manoeuvre. However, for novel rotorcraft configurations, the duct-
ed/open propellers may be constantly subject to the main rotor downwash, such as in the X3 case.
It is hence of special interest to investigate the non-axial inflow conditions for the ducted/open

propellers.
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Figure 4.10: Propeller and duct thrust variations of the ducted propeller with respect to pitch
changes relative to 375 =29.58° at u = 0.191 and u = 0.382.

4.4.1 Aerodynamic Loads Breakdown

To inspect the ducted propeller performance at cross-wind, a first study was focused on the be-
haviour of bare duct at angles of attack as presented in Chapter [3] It can be derived from Figure
that the empty duct itself, without the propeller, produced considerable aerodynamic loads

and followed an almost linear response to AoA variations before stall. It is possible to use the
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ducted propeller for lift generation as an annular wing 11381 while still delivering propulsion. The
lift slope in the linear region for the duct tested, as shown in Figure[3.8(a), was around 3.15, and the
stall boundary was about 23°. When the propeller is installed, as shown in Figure the lift
slope approached 5, and the stall was delayed to about AoA = 45° thanks to the propeller suction
[231 " The propulsion, i.e. the axial force, in Figure dropped slowly at small cross-wind
angles. As suggested by Mort et al. U2, for a tilt-duct aircraft, the ducted propeller is most likely

to work in axial flight or at AoA within the stall boundary.

For the ducted propeller configuration, the breakdown of aerodynamic loads at AoA = 20°
were presented in Table At incidence of 20°, the ducted propeller generated a total force
significantly higher than in the axial condition, of which the lift component was twice as much as
the propulsion. A nose-up pitching moment was also noticed. In Table the duct claimed the
most contributions to the lift and the nose-up pitching moment, while the propeller contributed the
most to the forward propulsion. The centre-body only had small effects for the case analysed.

Table 4.3: Aerodynamic load breakdown for the Grunwald ducted propeller 18] at AoA = 20°.

‘ (& Contribution Cr,  Contribution C,,(pitching) Contribution

Total | 1.922 - 1.096 - 0.504 -
Duct | 1483  77.17%  0.120  10.96% 0.440 87.32%
Propeller | 0.405 ~ 21.09% 0923  84.25% 0.064 12.68%

Further comparisons with the un-ducted propeller at AcA = 20° are presented in Table §.4]
The open propeller offered more forward thrust (Cr,, hence the Froude efficiency was slightly
higher. About 40% of the total thrust contributed to the lift. The ducted propeller produced about
three times the lift, while producing 20% less thrust than the open propeller. The ducted propeller
can be seen as the combination of a lifting surface and a propulsor at cross-wind, and the lifting
force was mostly derived from the duct. Nevertheless, this also suggests that the duct may create

large blockage under main rotor downwash when applied to novel rotorcraft configurations.

To further investigate the duct contribution, the duct surface pressure was extracted, time-

averaged over revolutions, and presented in Figures4.11(a)|to4.11(d)l The surface pressure coeffi-

cient contours are presented in Figure|4.11(a). With the cross-wind coming from the 180° azimuth,
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Table 4.4: Comparisons of aerodynamic loads of the ducted and un-ducted propellers at AoA =20°.

‘ G Cr,  Propeller Cy  Propeller Cyp  Froude Efficiency 1

Ducted Propeller | 1.922 1.096 0.037 0.014 0.534
Open Propeller | 0.603 1.259 0.050 0.015 0.570

a large region of low pressure can be noticed near the upstream (from 90° to 270° azimuth) inlet
lip. The downstream lip saw generally higher pressure, as the stagnation area were moved more
inboard.

Sectional pressure coefficients and force vectors for the 90° and 270° azimuth were calcu-
lated and presented in Figure The pressure distributions at these two sections were almost
identical, with only small differences seen at the inner leading-edge regions. The duct had slightly

lower pressure at the rotor advancing side (90° azimuth). Large differences can be noted, however,

for the 0° and 180° sections, as shown in Figures 4.11(c)|and |4.11(d)| respectively. The upstream

section (180°) produced a large leading-edge suction on the inner surface. Whereas for the down-
stream section (0°), the leading-edge stagnation was moved inboard due to the sideways flow and
milder suction can be noticed on the outer surface. In this light, asymmetric geometric modifi-
cations may be made to the upstream and downstream lips to accommodate local flow conditions

under non-axial inflows.

In summary, at 20° crosswind for the case studied, the ducted propeller produced about twice
as much lift as the thrust. The duct contributed the most to the lift, while the propulsion mostly
came from the propeller blades. At the advance ratio studied, the ducted and open configurations
produced similar torque, but the open propeller had a higher propulsive efficiency due to the higher
propulsive force. On the other hand, the duct offered slightly lower thrust but much higher lift-
ing forces than the open propeller. This features may be exploited for lift generation for future
rotorcraft configurations, but it may also create large blockages under the main rotor as has been

stressed. This will be further discussed in later chapters.
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4.4.2 Induction and Propeller Disk Loadings

Investigations on the induction and the disk loading of the ducted and un-ducted propellers at
cross-wind were also carried out and presented in this subsection to identify the aerodynamic in-
teractions. Comparing to the open propeller, the duct was expected to regulate the inflow and
reduce inflow distortion. When installed on novel rotorcraft configurations, this is can be an im-
portant advantage as the propulsor may work under constant main rotor downwash. In addition,
it is also interesting to verify the induction brought by the propeller, the duct, and their mutual
interactions. The inflow profiles, the induction characteristics, and the resultant disk loading were

analysed and presented in this subsection.

Thrust distributions on the propeller disk at AocA = 0° and 20°, for the ducted and un-ducted

propellers, are presented in Figures{.12(a)|to[d.12(d)l In axial flight, (Figures[d.12(a)land [4.12(b))),

the open propeller experienced higher disk loadings due to lower inflow ratios. High thrust areas

are seen near the blade tip and slightly inboard. The ducted propeller saw lower disk loadings
due to the duct induction. Also, the smaller high loading area is moved towards the blade tip and
near the duct surface. At AoA = 20°, the open propeller saw higher disk loadings than the ducted
propeller again. A large high thrust area was presented at the advancing side near the blade tip.
As for the ducted propeller, the high thrust loading was spread between azimuth 0° and 180° near
the blade tip and the duct surface. Due to the duct induction, the ducted propeller was off-loaded
in both axial and cross-wind conditions. At cross-wind, it is also noticed that the unbalanced disk
loading was more averaged around the azimuth, but more concentrated to the blade tip. The axial
force variations on the ducted and un-ducted propeller blades are shown in Figure The

open blades saw higher averaged blade loadings (the dashed lines) and larger force variations.

Further investigations were made on the induction characteristics at cross-wind to identify
the aerodynamic interactions. The velocity V, seen by the propeller blade elements can be decom-

posed as:

V, =Vt Vip+Vig+Vi. 4.1)
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(a) Un-ducted propeller disk normal force dis- (b) Ducted propeller disk normal force distri-
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Figure 4.12: Ducted and un-ducted propeller disk normal force distributions (computed using the
pressure field) at AoA = 0° and AoA = 20°.

134



CHAPTER 4. AERODYNAMICS AND AEROACOUSTICS OF THE DUCTED/OPEN
PROPELLERS

where V. is the free-stream velocity that represents the baseline inflow condition; V;;, is the in-
duced velocity by the propeller, which can be subtracted from open propeller simulations; V4
is the duct induction, which can be subtracted from empty duct simulations; and V;, is the extra

induction by the duct/propeller combination.

View from| Advancing Side
upstream

Blade

Cross-wind > R
rotation

direction 5
Positive

Tangential
Velocity
Direction

Retreating Side

Figure 4.13: Velocity extraction position and baseline tangential velocity profile due to free-stream
V. at AoA = 20°.

This decomposition approach assumes a very simple model, which considers component
contributions individually and is often used in lower-order analyses such as blade element meth-
ods. Surely interference effects must be accounted for by corrections while using lower-order
methods. The purpose of adopting this approach in the present study is to investigate the aero-
dynamic interference between components at crosswind. Similar approaches have also been seen
used in interference analyses for propellers in yaw and for compound rotorcraft [140] " partic-
ularly, the term V;, indicates the strength of the mutual interaction, and highlights the importance

of accurate interaction models for lower-order methods for non-axial flight conditions.

The axial and tangential velocity profiles at cross-wind (AoA = 20°,u = 0.191) were ex-
tracted and analysed. Velocity data were extracted from the section 0.06R;;,4. upstream the rotor

disk, as illustrated in Figure 4.13] and were decomposed into axial and tangential components.
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Note that the values shown were normalised using the free-stream velocity, and the flow-field was
time-averaged over one propeller revolution.

The baseline tangential velocity profile by the free-stream speed, when there was a cross-
wind angle of 20°, is shown in Figure d.13] Tangential velocities opposite to the blade rotation
were taken as positive, as illustrated in Figure 4.13] Subject to such a free-stream tangential speed
profile, the propeller tends to generate higher thrust on the advancing side, the same as a helicopter
rotor in forward flight. The axial velocity profile was the same over the propeller disk, simply as a

fraction of the free-stream speed.
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speed) contours before the rotor disk of the empty stream speed) contours before the rotor disk of the
duct simulation at AocA = 0°. empty duct simulation at AcA = 20°.

Figure 4.14: Inflow velocity profiles for the rotor disk induced by the empty duct.

Induced velocity features by the empty duct were first extracted, as they represent the base-
line inflow conditions the propeller inside was about to experience. The axial velocity profiles
(normalized by free-stream speed) right above the rotor disk are presented in Figures and
M.14(b)| for incidences of 0° and 20°, respectively. Due to the induction of the duct, at AcA = 0°,
the propeller saw a 30% higher baseline inflow velocity for the case simulated. The radial speed
distribution is almost even, with slightly higher values positioned near the duct inner surface. For

the cross-wind condition (Figure #.14(b)), the propeller experienced an unbalanced inflow profile.

The axial (Vjx) and tangential (Vj) components of the induced velocities by the duct, the
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Figure 4.15: Induced velocities by the duct, the propeller, and the duct/propeller combination, as
decomposed in Equation .1}
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propeller, and the combination, as defined in Equation 4.1] are presented in Figures to
M.I5(F) The duct induction was estimated by subtracting the free-stream contributions from the
empty duct simulation. At the cross-wind angle analysed (AoA = 20°), the duct induced higher
axial speeds as shown in Figure Nevertheless, the speed distribution was asymmetric
stream-wise, and higher values were observed on the upstream side. The tangential induction by
the duct is presented in Figure The duct reduced the velocity on the advancing side and
increased the speed on the retreating side, especially near the duct inner surface (by about 60%).
This is very favourable as it eases the unbalanced flow condition experienced by the propeller at

cross-wind.

The propeller induction was obtained by subtracting the free-stream contributions from the
open propeller simulation at AoA = 20°. The results agreed qualitatively well with the study of an
open propeller at yaw by Higgins et al.l3?l Higher axial inductions were observed mid-span near
the advancing side. The maximum and minimum tangential inductions were seen near the blade
root, with positive values on the advancing side. The combined induction features were in good

correlation with the disk loading results shown in Figure

The induction by the duct/propeller interference, as shown in Figures 4.15(¢)| and [4.15(7),

was estimated by subtracting the free-stream, the duct induction, and propeller induction. The re-
sulting velocities were due to the interaction of the duct and propeller. As shown in Figure
further higher axial inductions were observed, especially near the duct surface. This resulted in
even higher mass flows through the propeller disk. A reduction in tangential speed on the advanc-
ing side was noted, while an increase can be seen on the retreating side. This was again favourable

since it eased the unbalanced flow condition as did the duct induction.

The resultant induction features of the propeller inside the duct were subject to the combina-

tion of the induction from the open propeller and the extra induction contributions. The combined

propeller inductions are shown in Figures 4.16(a)|and 4.16(b), and the results agreed well with the

disk loading features presented in Figure 4.12(d)

Overall, the duct induction and the flow interactions increased the axial induction through
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Figure 4.16: Axial and tangential propeller induction for the Grunwald ducted propeller at AocA =
20°.

the propeller disk. The induction distributions were also altered compared to the open propeller at
cross-wind. The unbalanced tangential velocities owing to the cross-wind were eased by the duct
and the propeller/duct integration. It can be concluded that the propeller inside the duct showed

less unbalanced loading at cross-wind due to the shielding of the duct.

4.5 Aeroacoustics in Axial Flight

For future rotorcraft, the noise restriction can be especially stringent, as they tend to serve in urban
areas as air ambulances or taxis. It is hence of interest to investigate the acoustic performance of
the ducted and open propellers as propulsors. This section outlines the near- and far-field acoustics
of the ducted/un-ducted propellers at the advance ratio of 4 = 0.191 based on the high-fidelity CFD
results, while the two configurations produce similar amounts of aerodynamic loads. The near-field
acoustics was calculated by directly extracting the acoustic pressure field from the CFD results,
hence both surface and volume acoustic sources, including any resolved broadband components
were considered. The far-field acoustics was calculated using the Farassat Formulation 1A as
detailed in Chapter[2] which takes the CFD results of surface pressure fields as input. This approach

considers only surface terms by the thickness and loading components, but it is suitable for the
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current study in the far-field in the sub-sonic region and has been widely adopted in previous

studies of open and ducted rotor acoustics 1301311291

4.5.1 Near-field Acoustic Patterns

The near-field acoustics is of interest as it strongly affects cabin noise. It is also the source of
far-field noise. In the present work, the near-field acoustics in close proximity to the ducted and
un-ducted propellers was directly extracted from high-fidelity CFD simulations. Pressure signals
at microphone points were recorded, and the mean values were subtracted to obtain the acoustic

pressures. Sound Pressure Levels (SPL) were then derived and analysed.

To ensure the necessary resolution for acoustic waves, the grids used for the simulations
were carefully generated to ensure at least 10 points for the wave length at the 4 blade passing
frequency. The 3’?-order MUSCL scheme was adopted to provide high-order spatial accuracy.
The temporal resolution was guaranteed by strong convergence in the Rotating Reference Frame
(RRF).

A first analysis was made on the Azimuth = 0° slice at 4 = 0.191. The sound pressure fields

of the ducted/un-ducted were extracted directly and the instantaneous sound pressure contours on

the azimuth = 0° planes are shown in Figures 4.17(a)land 4.17(b). The acoustics generation and

propagation are illustrated clearly, including components by the tip vortices and aerodynamic inter-
actions. It can be seen that the ducted propeller tip vortices contributed a minor part to the overall
acoustics and lasts for only about 3 blade radii, while the open propeller tip vortices caused strong
pressure fluctuations and extended to about 6 blade radii downstream. The open propeller saw
generally higher pressure fluctuations. Patterns of the acoustic propagation are also different due
to the duct presence. It can be seen in Figure that the duct blocks the propeller acoustics,

and most noise emits from the inlet lip.

To further quantify the acoustic strength, the Sound Pressure Level (SPL) contours were

calculated and are shown in Figures 4.18(a)|and 4.18(b)| respectively for the ducted and un-ducted

propellers. It is clearly shown that the duct blocks the acoustics generated by the propeller, pre-
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Figure 4.17: Instantaneous sound pressure contours at the azimuth = 0° slice for the ducted/un-
ducted propellers at u = 0.191.

venting high sound pressure levels from propagating to the far-field. This is, however, under the
assumption that the duct is rigid. Due to the duct shielding, the ducted propeller sound emission
mostly comes from the duct inlet lip and diffuser exit. The wake downstream the duct also makes a
small contribution. For the open propeller, the acoustic waves travel freely from the propeller disk
to the far-field. The propeller wake is also making a large contribution in the near-field.

To further inspect the near-field acoustic directivity features, a spherical receiver array en-
closing the propulsor was utilised, as shown in Figure The receiver points were two duct

chords away from the propeller centre of rotation.

The SPL contours on the spherical receiver surface are shown in Figures [d.20(a)|and 4.20(b)]

The spherical surfaces are projected to planes for clarity. For both configurations, large areas of
high SPL values are noticed near the propeller disk, while the peak values are noticed in small
regions in the wake. For the ducted propeller, the major acoustics emissions are originating from
above the propeller disk at about 100 dB. The peak SPL value is about 113 dB in the small wake

region. For the open propeller, the most acoustics is emitted from the propeller disk plane at about
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(a) Ducted propeller SPL contours on Azimuth = (0° (b) Un-ducted propeller SPL contours on Azimuth =
plane at 4 = 0.191. 0° plane at 4 = 0.191.

Figure 4.18: Near-field Sound Pressure Level contours on Azimuth = 0° at u = 0.191 for the
ducted and un-ducted propellers.
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Figure 4.19: Microphone arrays for near-field acoustic investigations of the ducted/un-ducted pro-
pellers.

110 dB. The peak SPL value of about 120 dB is located in the large wake region. These agree with
the analysis in Figures [4.18(a)| and [4.18(b)] as the noise propagation is blocked by the duct and the

acoustics mostly escapes from the inlet lip and diffuser exit. The ducted propeller wake is also

shown, and has lower acoustic emissions compared to the open propeller, possibly due to the less
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intrusive wake and weaker tip vortices as shown in previous sections.

SPL/[dB]: 60 73.25 86.5 99.75 113

Inflow
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Outflow

(a) Ducted propeller SPL contours (mapped to plane). (b) Un-ducted propeller SPL contours (mapped to
plane).

Figure 4.20: Near-field SPL contours on the receiver surface in Figure4.19(a)lat u = 0.191 for the
ducted and un-ducted propellers. The spherical surfaces are projected to planes for better clarity.

Acoustic data in the azimuthal direction was also extracted on the surface shown in Figure
M.19(b) in order to briefly investigate the cabinet noise. The receiver surface is twice the blade
radius away from the centre of rotation surrounding the propulsor, a scenario where typically the
cabin noise is perceived. The corresponding SPL results are shown in Figures and Figure
M.21(b) For the ducted propeller, the peak SPL stands at about 105 dB in a small region near the
duct inlet. For the open propeller, the peak value stands at about 115 dB in a larger region near the

propeller disk. This shows again the duct shielding effects in the near-field.

Overall, the ducted propeller produces lower SPL levels than the un-ducted configuration by
about 10 dB in the near-field for the case studied. The near-field acoustic directivity features are
also altered. Due to the blockage effect of the duct, the acoustic peaks are redirected to directions

of the duct inlet and exit. Again, rigid duct and blades were assumed.
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the surface in Figure . 19(b)|at . = 0.191. peller on the surface in Figure . 19(b)|at p = 0.191.

Figure 4.21: Near-field Sound Pressure Level contours on the receiver surface in Figure 4.19(b)| at
U =0.191 for the ducted and un-ducted propellers.

4.5.2 Far-field Acoustic Patterns

The far-field acoustics of the ducted/un-ducted propellers was analysed using an in-house acoustic
code based on the classic FW-H equation solved with Farassat Formulation 1A. The CFD solutions
of the surface pressure fields were used as input for the acoustic tool. The centre-body was not
included in the far-field acoustic calculation, as its contribution is regarded as minor due to the low
loading.

As stated earlier, the current implementation of the far-field acoustic prediction is an ex-
tension of the existing acoustic code HFWHIY in the high-level programming language Julia.
Extensive code-to-code comparisons have been performed to verify the current implementation.
Nonetheless, to further validate the current acoustic tool, a ducted propeller acoustic test case by
Hubbard 4! was adapted. The experiments measured the acoustics of different propeller/duct
combinations in hover. Although the model size was large (4-foot-diameter blades), the acoustic
tests were performed outdoors, and this may have affected the results. The acoustic directivity
was measured 30 ft away from the centre of rotation, all around the propulsor, and on the ground.

The tests provided no loading measurements other than the duct thrust through sectional pressure
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integrations, hence the case is not ideal for aerodynamic or acoustic validation as large uncertain-
ties must be expected. Regardless, this case is the most suitable among the very few experimental

studies concerning acoustics of large ducted propellers.

Comparisons between numerical and experimental results of the ducted propeller acoustic
directivity for the Hubbard case 14! are presented in Figure Note that the experiments mea-
sured the acoustics at ground level, while ground effects were not considered in the CFD simulation
or the acoustic calculation. Despite these uncertainties and shortcomings, the agreement between
the numerical prediction and the test data is still favourable, with SPL values of about 90 to 95 dB
at this distance. This strengthens the confidence of the present acoustic tool and strategy for the

noise prediction of ducted propellers.

——a—— Experiment, Hubbard
—a—— JHFWH

30 30 Directivity Angle/[deg]
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Figure 4.22: Comparisons between numerical and experimental results of the ducted propeller
acoustic directivity 30 ft away for the ducted propeller of Hubbard 141,

Acoustic calculations of the ducted/un-ducted propellers of Grunwald 8! were later con-
ducted using 400 evenly-distributed microphones on a full sphere enclosing the propulsor, 20 duct
chords away from the centre of rotation, to investigate the far-field acoustic directivity. The results
are shown in Figure §.23] For both configurations, the acoustics varies little along the propeller
azimuth, hence detailed comparisons of the directivity features are made on the azimuth station of

0°. Also, for both configurations the loading components contribute the most to the total noise.

As shown in Figure .23] the un-ducted propeller produces almost evenly distributed acous-
tics in all directions around 80 dB, with a small increase to about 85 dB between —40° to 30°

directivity angles. This is consistent with its near-field acoustic features that the peak noise is
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around and slightly aft the propeller disk (0° directivity angle). As for the ducted propeller, its
noise around —90° and 90° is almost the same at about 80 dB. However, in the range between
—70° and 60°, the acoustic level was clearly lower than the un-ducted counterpart by up to 15 dB.
The lowest acoustic level is perceived at —30° at about 65 dB, while a local maximum is noted at
around 15° at about 75 dB. These features are also consistent with the near-field acoustic patterns

of the ducted propeller that the acoustics is blocked by the duct.

——=a—— Ducted Propeller

——=a—— Open Propeller

30 ;30 Directivity Angle/[deg]

60

1 sPL/dB]
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Figure 4.23: Total noise SPL directivity of the ducted/un-ducted propellers noise signals at 20 duct
chord away ( 90° is the inflow direction).

Investigations were also made on the acoustic projection on a plane below the propulsor,
while the propulsors are in level flight. This approximates the acoustics projected on the ground
while the aircraft flies over. The microphone array used is illustrated in Figure The propul-
sors were placed 20C above the centre of the array, where C is the duct chord length. Note the
microphones were assumed translating with the propulsors in level flight with a constant speed of

30.48m/s. Acoustic signals perceived at fixed ground microphones are to be discussed later.

The calculated SPL contours for the ducted/un-ducted propellers on the microphone array

in Figures [4.24] are presented in Figures [4.25(a) and 4.25(b)l For the ducted propeller in Figure

the peak values are around 73 dB and are seen slightly ahead the propeller disk below
the ducted propeller. High SPL values tend to spread in 4 directions ahead and after the ducted
propeller. For the un-ducted configuration, The peak values are about 10 dB higher at about 83

dB, and are seen slightly below the propeller disk. High SPL values tend to spread simply to
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Figure 4.24: Microphone positions for the ground acoustic projection study. In total 400 micro-
phone points were used (the blue dots) on a 200C by 200C region, where C is the duct chord. The
propulsors were placed 20C above the plane. The microphones were assumed translating with the
propulsors.
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(a) Ducted propeller SPL map on X = 5.24m plane at (b) Un-ducted propeller SPL map on X = 5.24m plane
u=0.191. at 4 =0.191.

Figure 4.25: Ground SPL contours for the ducted and un-ducted propellers.

the port and star sides slightly after the open propeller. This agrees well with the previous acoustic
directivity study, as the duct blocks the acoustic propagation and most acoustic signals are emitting
from the duct inlet and exit. For both configurations, low acoustics regions are noted far ahead and
behind the propulsor especially under the flight path. This suggests that the strong noise directed in

the axial direction projects less on the ground. In general, the ducted configuration shows a lower
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acoustic level on this plane by about 5 to 10 dB comparing to the un-ducted counterpart, showing

the benefits of the duct acoustic shielding.

4.5.3 Fly-by Acoustic Signals

The fly-by noise, i.e. the noise signals recorded by ground-fixed microphones while the propulsor
or aircraft is flying over, was also calculated. This scenario is illustrated in Figure This is
often encountered in certification tests. The noise calculations employed the same FW-H equa-
tion and Farassat 1A formulation, with changes of relative positions between acoustic panels and
receiver points accounted for. The acoustic signals for the Grunwald ducted/un-ducted propellers
were calculated while flying over fixed microphones 10 and 20 duct chords below. The propulsors
started from [0, 0, 0] (in m) and was translating in Z direction with a constant speed of 30.48m/s.
The microphones were fixed at [2.619, 0, 10] (in m) and [5.238, 0, 10] (in m), corresponding to 10
and 20 duct chords below the propulsors. The propeller disk was right above the receiver points

about 0.328s after starting.

The acoustic signals for both configurations are presented in Figures 4.27(a)| and [4.28(a)l

The vertical lines in the figures denote the moment when the propeller disk was right above the
microphones, i.e. the propeller disk passage time. As can be noted in Figure at 10 duct
chords, the two configurations produce acoustic signals of similar shapes. However, the ducted
signal has only a quarter or half the magnitude of the un-ducted. At 20 duct chords away as shown

in Figure 4.28(a), these features still hold except that the signal magnitudes are further reduced.

To further verify the acoustic strength, the moving root-mean-square (RMS) values of the

acoustic signals were calculated and are presented in Figures 4.27(b)| and [4.28(b). The moving

RMS values were calculated using signals within a time window of one propeller revolution, i.e.
0.0075s. It can be seen in Figure for the un-ducted configuration, the averaged peak
is slightly after the propeller passage. This agrees with the previous near- and far-field acoustic
directivity analysis for the un-ducted propeller that noise peaks are seen at and slightly after the

propeller disk. For the ducted propeller, however, 2 acoustic peaks can be noticed. The first peak is

148



CHAPTER 4. AERODYNAMICS AND AEROACOUSTICS OF THE DUCTED/OPEN
PROPELLERS

o

3 i
. i L

.
“"E’os'm‘cn-ﬂxed Microphone

Figure 4.26: Illustration of the microphone position and the propulsor motions for the fly-by noise
calculation. The microphone was fixed while the propulsors were translating in the arrow direction.

only slightly higher than the second. The first peak is perceived before the propeller disk passage
and before the first open propeller peak. A low noise area is noted near the blade passage. Later, the
weaker second peak is perceived. At 20 duct chords away as shown in Figure [4.28(b)} the features
are very similar but have lower strength and fluctuations. The ducted features remain very similar
at this position with the low noise region noted during the blade passage. This agrees well with
the previous near- and far-field acoustic directivity investigations for the ducted propeller. The
duct blocks the acoustic propagation directly from the propeller disk and redirects the acoustics
towards the inlet and outlet. In general, the peak acoustic strength of the ducted configuration is
only a quarter or half the magnitude of the un-ducted. In addition, a low noise area is generated
during the propeller passage by the ducted propeller. This feature can be further used in flight

path optimisation to minimise the acoustic perception at specific locations where noise restrictions

apply.
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(a) Acoustic signals recorded at the receiver point 10 duct chords below (Figure f.26) for the
ducted/un-ducted propellers.
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(b) Moving root-mean-square (RMS) values (calculated using a time window of one blade rotation
0.0075s at each time point) of the acoustic signals recorded at the receiver point 10 duct chords below
(Figure .26) for the ducted/un-ducted propellers.

Figure 4.27: Fly-by noise calculations at fixed receiver points 10 duct chords below as in Figure

M.26 The dash-dot line denotes the time point when the propeller disk was right above the receiver
point.
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(a) Acoustic signals recorded at the receiver point 20 duct chords below (Figure f.26) for the
ducted/un-ducted propellers.
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(b) Moving root-mean-square (RMS) values (calculated using a time window of one blade rotation
0.0075s at each time point) of the acoustic signals recorded at the receiver point 20 duct chords below
(Figure .26) for the ducted/un-ducted propellers.

Figure 4.28: Fly-by noise calculations at fixed receiver points 20 duct chords below as in Figure

M.26 The dash-dot line denotes the time point when the propeller disk was right above the receiver
point.

151



CHAPTER 4. AERODYNAMICS AND AEROACOUSTICS OF THE DUCTED/OPEN
PROPELLERS

4.6 Chapter Summary

This chapter presented the analyses and comparisons of aerodynamic and acoustic performance of
the ducted/open propeller configurations at various conditions. The investigations of the aerody-

namic performance can be summarised as follows:

1. The ducted propeller showed superior aerodynamic performance over the open propeller
counterpart in hover or at low advance ratios. For the case studied, the ducted configuration
produced more thrust than its un-ducted counterpart up until about u = 0.2, at the same
blade pitch and RPM. At low advance ratios, the duct contributed to the extra thrust at
no torque cost. Particularly, in hover, the ducted propeller generated twice as much thrust
with the duct carrying about 50% of the total thrust. The Froude efficiency of the ducted
configuration was higher by about 0.1 below u = 0.2. However, at high advance ratios, the
ducted propeller quickly became less efficient than the open propeller. As the advance ratio

increased, the duct thrust dropped quickly and eventually turned to drag.

2. Velocity and pressure fields of the ducted/un-ducted propellers in axial flight were investi-
gated using high-fidelity CFD results. In axial flight, at least 25% higher mass and momen-
tum flow rates due to the duct induction were noticed at lower advance ratios less than 0.2.
The wake survey suggested that the ducted propeller produced less intrusive wakes while
producing more thrust at low advance ratios, due to the diffuser expansion. Through the
azimuthally-averaged surface pressure study, the performance gain was specified as from
the duct leading-edge suction and the recovered pressures at the diffuser. The propeller
inside the duct saw a higher baseline axial velocity due to the induction of the duct and was
therefore off-loaded. However, the benefits diminished with increasing advancing ratios.
A high-pressure region at the duct leading edge was found growing with increasing flight
speeds, thereby reducing the duct propulsion. Nevertheless, the duct thrust and the ducted
benefits were found recovering while increasing the blade pitch, which resulted in higher

propeller suction.
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3. The pitch variation study at u = 0.191 suggests that the thrust capacity of the ducted pro-

peller studied is much higher (more than twice) than the open propeller at the same RPM.
And for the same amount of thrust required, the ducted propeller requires less power input
at higher pitch angles (at least 10%). This holds for the higher advance ratio of u = 0.382
beyond a higher pitch increase (by about 4-14°). It can be concluded that for the ducted pro-
peller the duct thrust is affected by the propeller suction, while the propeller performance is
determined by the duct induction which determines the inflow condition. These are further
subject to conditions such as advance ratios, blade pitch, RPM, duct shapes etc. It is also

noticed that the ducted propeller performance is more sensitive to pitch changes.

. High-fidelity CFD simulations of the empty duct and the ducted propeller case at crosswind
were also performed and analysed. The empty duct lift responded linearly to the increasing
AoA before stall at around AoA = 23°. The stalled flows were predicted by the HMB3 SAS
formulations with favourable agreements. The duct stall was delayed when the propeller
was installed. Also, at AoA = 20°, the duct lift was found significantly augmented (twice
as much), while still producing considerable thrust. This suggests that the ducted propeller
can also be utilised for lift generation in aircraft applications. However, if installed under
a main rotor, and working under downwash, the duct lift could be translated into a large
blockage. The duct also produced a large nose-up pitching moment due to the non-axial
velocities. At crosswind, the ducted blades were also offloaded and suffered lower levels of

thrust variations compared to the open propeller.

. Disk loadings, flow interactions, and induction features of ducted propellers were also in-
vestigated, and the duct shielding at cross-wind was analysed in detail. The ducting of-
floaded the propeller disk and altered the disk loading distributions. For the ducted con-
figuration, higher loadings moved towards the blade tip near the duct surface. The disk
loading was also less unbalanced at crosswind comparing to the open propeller. Induced
velocities were decomposed to identify contributions from each component and to study

their interactions. The duct-induced inflow increased the overall axial inflow velocities but
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reduced the unbalanced flow conditions at the advancing and retreating sides. A large ex-
tra induction due to the mutual interaction of the duct/propeller was also identified. This
induction represented a large part of the entire induction and further eased the unbalanced
inflow in axial and tangential directions. Overall, the duct accelerated and regulated the
propeller inflow at crosswind. The ducted blades hence suffered less from thrust variations

due to non-axial inflows.

Investigations of the aeroacoustics of ducted and open configurations in axial flight were

also presented in Chapter @4{and can be summarised as follows:

1. The near-field acoustics of the ducted/open propellers was directly extracted from the high-
fidelity CFD simulations. The near-field acoustic propagation was visualised and the duct
blockage was clearly illustrated. Comparing to the open propeller, the averaged acoustic
strength of the ducted configuration was reduced by about 10 dB in the near-field, while the
two configurations were producing a similar amount of aerodynamic loads. For the open
propeller, the acoustics mostly originated from the propeller disk and the propeller wake.

For the ducted propeller, the noise emission mostly radiated from the duct’s inlet lip.

. The far-field acoustics of the ducted/open propellers was also computed following the FW-
H equations using the CFD solutions as input. The far-field acoustic features agreed well
with the near-field results. In the far-field, the open propeller noise was around 80 dB in
all directions. The ducted propeller showed similar acoustic levels in the axial directions
up- and downstream. However, in the large directivity angle range between —70° and 60°,
the ducted configuration showed a noise reduction by about 5 to 10 dB due to the duct

shielding.

. Acoustic signals recorded at ground-fixed microphones while the two configurations were
flying over was also computed. As the open propeller was approaching the microphone,
its noise level increased and reached the peak slightly after the propeller passage. The

acoustic level decreased gradually as it was flying away. For the ducted configuration,
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it produced slightly higher acoustics while approaching the microphone. As the ducted
propeller further approached the microphone, its acoustic strength first reached a local peak
and then decreased to a local minimal near the propeller blade passage. With the ducted
propeller moving away, its acoustic level first recovered to reach a second peak and then
slowly decayed to the similar level to the open propeller. This feature due to the duct

shielding may be exploited in flight path optimisation to minimises community annoyance.

A further parametric study of the equivalent ducted/open propellers was also conducted in
Appendix|Al The next chapter will focus on aerodynamic shape optimisation to improve the ducted

propeller performance at high advance ratios.
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Chapter 5

Adjoint-based Design Optimisation for
Ducted/Open Propellers

As presented in the previous section, at g = 0.191 (with RPM = 8000 and By 75 = 29.58°), the
ducted/un-ducted configurations of Grunwald 8] show similar aerodynamic performance at this
operating condition, with the ducted propeller producing slightly higher thrust at lower torque. This
advance ratio typically corresponds to the speed of a tilt-duct VTOL aircraft about to exit transition
and enter level flight"!8!. Higher propulsor performance capacity is important for safer transition.
Performance investigations presented in the previous chapter show that this test condition is very
close to the critical advance ratio, with the same rotating rate and pitch setting, beyond which
the ducted propeller becomes less efficient than its un-ducted counterpart due to the increasing
duct drag. Optimisation at this operating point is hence necessary for improved ducted propeller
performance capacity. Meanwhile, it is also of interest to investigate how the duct shape changes

would affect the overall performance.

In this chapter, a gradient-based optimisation framework is compiled to improve the ducted
propeller performance at 4 = 0.191 altering the duct and blade shapes. The key results and nov-

elties are a novel parametrisation method for the duct shape allowing leading- and trailing-edge

! This chapter has been published in Zhang, T. and Barakos, G.N., “High-fidelity numerical analysis and optimisa-
tion of ducted propeller aerodynamics and acoustics,” Aerospace Science and Technology, Vol. 113, 2021, p.106708.
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offsets, a systematic comparison of optimisation results involving different geometric variables, as
well as, a detailed analysis of flow and acoustic changes brought by the shape optimisation. The
gradients of the aerodynamic performance were computed through the adjoint approach and passed
to the optimisation framework to drive design changes. The acoustics is not involved directly in
the optimisation objectives/constraints, as the aerodynamic performance is the primary concern.
Nonetheless, the acoustics of the optimised designs was later examined and for this case it was

found to be good.

5.1 Parametrisation and Optimisation Formulation

Prior to design optimisation, it is important to represent specific designs with a set of design vari-
ables and to define the design space of exploration. It is also important to state clearly the optimisa-
tion objectives and constraints to drive the design changes. This section presents the parametrisa-
tion methods for the duct and blade shapes. Also presented are the formulation of the optimisation

problem to be solved and the test matrix of the optimisation study.

5.1.1 Duct Shape Parametrisation

As presented in the previous chapter, for an axisymmetric ducted propeller, the thrust augmentation
mostly comes from the combination of the leading-edge suction and recovered pressures at the
diffuser exit. The mid-chord part of the duct usually has a relatively modest thrust contribution and
is often composed by straight lines in real-world designs [18] ) The mid-chord was hence fixed
in the current optimisation work to exclude varying blade tip gaps and duct thickness. This is also
due to the consideration that the duct thickness is often constrained by the structure or volume in
practice. In this light, the parametrisation and deformation of duct shapes in this work take into
account the duct leading-edge and trailing-edge shapes, as presented in Figure Nevertheless,

the deforming curve region can be extended to include most of the middle chord.

The proposed parametrisation allows a comprehensive set of variations of the duct chord
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Figure 5.1: Illustration of duct shape parametrisation and deformation.

length, camber, inlet lip radius, and inlet/outlet expansion ratios, i.e. most geometric parameters
governing the ducted propeller performance. The design variables are the parameters governing the
curve shape, as well as, offsets of the leading/trailing edge points relative to their original positions.
Compared to other popular parametrisation methods such as Free-Form Deformation (FFD), the
proposed parametrisation approach is strongly physics-based and focuses on a narrower but more

relevant design space.

This duct shape parametrisation problem can be simplified using 4 curved segments, i.e. the
inner leading edge, the outer leading edge, the inner trailing edge, and the outer trailing edge. The
curves are locally represented using the classic CST (Class Shape Transformation) method!!+!
which is often used in aerofoil parametrisation. The local coordinate system for CST parametrisa-

tion is illustrated in Figure

This system is used for the CST representation of curve shapes. The horizontal axis &
denotes the chord-wise direction, with & = 0 at the starting point(leading edge) and & = 1 at the
ending point(sharp trailing edge). The vertical axis s is norm to chord. s can be written as a

function of & if using classic CST representations

s =CST(&, ), (5.1)

where CST (&, ) is a generalised CST function subject to a set of coefficients ¢4. This coefficient
array 1is recognised as part of the design variables. Specifically, the Bernstein basis functions were

used in the current study. To enforce a rounded shape at the starting point, the N1 value is set as
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0.5 with N2 = 1.

The CST curves are later mapped back to the original global system using coordinates of

curve starting and ending points. The mapping is performed linearly using the equations below

z2=(1-&)(z0+A42)+ &z, (5.2)

x=s(&,06)+ (1—&)(xo+ Ax) + &Exy, (5.3)

where (xo,20) and (x,z1) are global coordinates of the starting and ending points, respectively. Ax
and Az are the offset of the starting point, which were taken as design variables. This mapping

method is universal for both duct leading edge and trailing edge curve segments.

5.1.2 Blade Twist Parametrisation

For a ducted propeller, typically, the blades face higher inflow velocities due to duct induction. It is
therefore of interest to include the blade pitch/twist variations in the optimisation while changing
the duct shape. The current parametrisation of the blade twist is based on polynomial approxima-

tions of pitch distributions along the radial direction. The twist distribution is represented by

N
B(ro) =Y aifiro, (5.4)
=

where ry = r/R is the non-dimensional radius, f; is the basis function (in the current case Bernstein
polynomials were used), ¢; are coefficients recognised as design variables, and N is the number
of coefficients. Note that the proposed parametrisation describes the attack angle distribution of
local blade elements along the radial direction, and therefore includes variations of the blade pitch.
Through this parametrisation, the optimisation framework will deliver the optimal distribution of

local pitch angles subject to specific objectives.

5.1.3 Optimisation Problem Formulation and Test Matrix

The objective was set to increase the thrust subject to torque constraints. The overall efficiency of

the propulsor was not constrained, since it is more important to expand the performance capacity
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at this operating condition for the safer transition from hover to forward flight for a typical tilt-duct
aircraft!!®l. Besides, such objective and constraint settings were expected to deliver larger changes
in the geometry and flow-field, which is beneficial for the study of how duct/blade shape changes
affect the overall performance. This will provide more guidance on ducted propeller designs and
will pave the way for future investigations of variable-geometry ducts for propulsor performance
control, which combined with the classic pitch control approach is expected to greatly extend
the performance space of ducted propellers. The current optimised designs were also examined
at different pitch settings compared with the pitch variation study of the initial ducted/un-ducted

propellers. The optimisation problem is formulated as follows

Find :
max(T (o, W)),
by varying:

(5.5)
ai,min < o; S ai.‘max,i S 1, o n,

subject to:
Q(Ot, W) < Qfeasible,

where T and Q are the total thrust and torque, respectively. Q reusinie 18 a feasible torque con-
straint that cannot be exceeded, imitating redundant engine power. « is the design variable vector

involving both the duct and blade shapes. W is the conservative flow variable.

The test matrix of the optimisation study is presented in Table[5.1] The optimisation was first
performed on the duct inlet/outlet shapes with the blade twist fixed using 16 design variables, and
then on the blade twist with the duct shape fixed, using 4 design variables. Optimisation studies
were afterwards carried out with the duct outlet shape and the blade twist allowed to change at
the same time using 12 design variables. The coupled optimisation is expected to provide a larger

performance improvement.

The optimisation calculations were performed on coarse grids of about 4 million cells for

lower computational costs. The optimisation results were later verified using finer grids to reduce
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uncertainties, and minor differences were noted in the aerodynamic loads. Each optimisation case
converged after about 10 to 15 iterations. Each optimisation iteration involved a CFD calculation
of the flow-field and occasionally the sensitivity calculation, carried out using adjoint methods.
The adjoint calculation was of the similar cost to the flow calculation, but whether the calculation
was conducted at each iteration was decided by the SLSQP optimiser. The initial baseline flow
calculation took about 6 hours using 32 CPUs, while successive CFD calculations in each iteration
took only 1 hour restarting from previous solutions. Considering the amount of design variables
involved and compared to meta-model-based optimisation, the current adjoint-based optimisation

implementation has saved the time and resources for extra hundreds of CFD simulations.

Table 5.1: Test matrix for the adjoint-based ducted propeller optimisation.

Case ‘ Design Variables ‘ Configuration ‘ Objective Constraints ~ Advance Ratio RPM  Blade Pitch () 75)/[deg]
1 Duct Inlet/Outlet Ducted Propeller 110% torque 29.58
2 Blade Twist(Pitch) Ducted Propeller | Maximised Thrust 120% torque 0.191 8000 -

3 Duct Outlet & Blade Twist (Pitch)

Ducted Propeller 120% torque

5.2 Optimisation Results

Results of the optimisation cases of Table[5.1]are summarised in this section. The duct deformation
through the duct shape optimisation and the coupled duct/blade optimisation, i.e. cases 1 and 3
of Table are presented in Figure along with the original design. The leading-edge and
trailing-edge points were allowed to offset within a circle of 0.1C radius. The duct shape was
allowed to deform except for the region between x/C = 0.2 to 0.53. Note the duct inlet shape was
not involved in the coupled optimisation case (case 3). The blade pitch distributions of the blade
twist optimisation (case 2) and the coupled optimisation (case 3) are shown in Figure [5.3] along
with the original distribution. The performance changes relative to the original design are listed in

Table

The component and total thrust changes of the optimised designs are shown in Table [5.3]
The thrust changes are denoted by the relative variations with respect to the original corresponding

) T, . e
thrust, i.e. 6T = TO”’ —100%, where T, is the new component or total thrust through optimisation,
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Figure 5.2: Illustration of the duct shape deformation through the duct shape optimisation and
coupled duct exit and blade twist optimisation. Note only the duct exit was involved in the coupled
optimisation.
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Figure 5.3: Illustration of the blade pitch distribution changes through the blade twist optimisation
and coupled duct exit and blade twist optimisation.

and Ty is the original component or total thrust. The component contributions are represented as
the ratio of the component thrust to the total thrust, i.e. TT‘—"’”Z x 100%, where T, is the component

tota

thrust and T;,,,; is the total thrust.
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Table 5.2: Performance changes through optimising different components. The changes are de-
noted by variations with respect to the original corresponding values.

Optimisation Thrust  Torque Efficiency
Case
Component Changes Changes Changes
1 Duct Shape 8.2% 10.0% -1.6%
2 Blade Twist 11.6% 20.0% -7.0%
Coupled Duct Shape
3 &Blade Twist 18.3% 20.0% -1.4%

Table 5.3: Thrust changes of the ducted propeller components through optimisation of the duct
shape and blade twist.

Optimisation Propeller Duct&Centre-body ST/ Total

Case Component | Thrust Change/[N] oT/%]  Contribution/[%] Thrust Change/[N] [%]  Contribution/[%] Thrust Change/[N] ST/1%]
1 Duct Shape 16.60 27.1% 84.7% -10.41 -40.7% 15.3% 7.12 8.2%
2 Blade Twist 5.65 9.2% 70.6% 4.56 17.8% 29.4% 10.09 11.6%
3 DuctShape 12.62 20.6% 73.5% 321 12.5% 26.5% 15.94 18.3%
& Blade Twist

5.2.1 Duct Shape Optimisation (Case 1)

For the optimisation of the duct inlet and outlet shapes, 16 design variables were used in the current
study, 4 for the leading-/trailing-edge point offsets and 12 for the leading-/trailing-edge shapes.
The convergence history of the duct inlet/outlet shape optimisation is presented in Figure As
can be noted, the optimisation converged in about 14 loops subject to the inequality constraint,

indicating the efficiency of the adjoint-based CFD optimisation.

As in Table by altering the duct shape, the thrust was increased by about 8.2% subject to
the constraint of 110% torque. The propulsor efficiency was reduced very slightly by about 1.6%
for this thrust increase. As in Table the propeller thrust was increased by 27.1% while the duct
and centre-body thrust was decreased by about 40.7%, and the total thrust was increased by 8.2%
subject to the 110% torque constraint. The propeller disk was hence heavily loaded with 84.7% of

the total thrust carried.

The optimisation brought both leading- and trailing-edges inwards, as shown in Figure
decreasing the expansion ratios of the duct inlet and outlet. The duct camber was hence reversed

compared to the original design. Only very small offsets are noticed for the leading-/trailing-edge
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points, hence the chord length remains the same. The inner surface of the duct is now almost flat
and conforming with the mid-chord part, with a slightly expanded diffuser exit. In general, the
optimised shape is expected to induce lower flow rates through the propeller disk and improves the

inflow conditions for the propeller, increasing the propeller and the total thrust.

[
[-1

T/T_baseline /
Q/Q_baseline /

0.95 I L L L 1 L L L 1 L L L 1 L L L 1 L L L 1 L L L 1 L L L i 0.95
Opt_lter

Figure 5.4: Optimisation convergence history of the duct inlet/outlet shapes with torque constraint.

5.2.2 Blade Twist Optimisation (Case 2)

The current optimisation of the blade twist (case 2) involved 4 design variables, i.e. the Bernstein
coefficients describing the pitch distribution along the blade span. The convergence history of both
optimisation studies is presented in Figure[5.5] The blade twist optimisation converged in 6 loops
as fewer design variables were involved.

As in Table[5.2] With the 120% torque constraint, only optimising the blade twist delivered
a thrust increase of about 11.6%. For such thrust increase, the efficiency was penalised by 7%.
As for the contributions from each components, as in Table [5.3] the propeller thrust was increased
by 9.2% while the duct thrust was also increased by 17.8%, and the total thrust was increased by
about 11.6% subject to the 120%. The increases in both propeller and duct thrust have also been
noticed in a previous pitch variation study 44 due to the increased propeller suction. The thrust
ratio between the propeller and the duct was changed only very slightly compared to the original

design.
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The corresponding optimised pitch distribution is shown in Figure [5.3] Compared to the
original design, the optimised blade has constantly increased blade pitch by about 2° throughout
the span except for the tip. Beyond the 75% span, the blade is highly twisted resulting in lower pitch
at the tip. The global pitch increase is expected in order to accommodate the high axial velocity
at this advance ratio. The twist changes are similar to what optimisation results of conventional
open rotor twist show, where typically the twist is increased to offload the tip region for higher
efficiencies. However, in the current ducted propeller case, only minor changes in the efficiency

are observed.
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I 7 1

I g N —_
= r I BN =
° 12F o
£ r £
°© F [
2 | 8
8 115 | 8
o [ o
] B 3
E 11 F g
% E 'a;
2 105 |/ . J105 T
£ ves e Geenes Thrust(twist only) 5

/2 I FLE Bemene Torque(twist only) =

1 ———— Thrust(coupled) 4+
———— Torque(coupled)

0.95 o n n n n é n n n n 1Io n n n 1 0.95

Optimisation Iteration

Figure 5.5: Optimisation convergence history of the coupled duct outlet shape and the blade twist
with torque constraint.

5.2.3 Coupled Duct Shape & Blade Twist Optimisation (Case 3)

The coupled optimisation (case 3) of the duct exit and blade twist involved 12 design variables, 4
for the twist, 2 for the trailing-edge point offsets, and 6 for the trailing-edge shapes. The leading-
edge shape was excluded from this case to reduce the number of design variables. Also, the
trailing-edge shape is expected to be more crucial as it determines the expansion ratio of the duct
shape. The objective was again set to increase the thrust subject to a 120% torque constraint. As in

Figure[5.5] the coupled optimisation took about 10 iterations to converge with 12 design variables.

Subject to the same torque constraints as Case 2, however, the coupled optimisation managed

to increase the thrust by about 18.3%. For this large thrust increase, the efficiency was very slightly
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decreased by about 1.38%. In Table[5.3] the propeller thrust was increased by about 20.6% while
the duct thrust was increased by 12.5%, and the total thrust was increased by about 18.3% subject
to the 120% torque constraint. The propeller loading was increased slightly carrying about 73.5%

of the total thrust.

The duct deformation is presented in Figure [5.2] Note the inlet shape was not included to
reduce the amount of design variables and to reduce the computational cost. The duct diffuser is
allowed to deform for x/C > 0.53 (see Figure . The trailing-edge point is slightly moved to
reduce the expansion ratio, and very slightly the chord length. The lower expansion ratio at this
high advance ratio of 0.191 is reasonable as it reduces the duct-induced axial flow rates through the
propeller disk and improves the propeller inflow condition. The optimised blade pitch distribution
is shown in Figure The pitch angles are slightly increased by about 1° from the root to about
the 60% span. Larger pitch angle increases by about 2° to 3° are seen towards the tip. Therefore,
the blade twist is different from conventional open rotor optimisation. Nevertheless, combined
with the duct shape change, such blade changes bring higher performance improvement. It is
also noted that the changes in the pitch distribution and the duct shape are generally small, yet the
thrust increment is large. It can be hence argued that the coupled deformation of the duct shape and
blade twist brings a larger performance capacity for the ducted propeller to accommodate variable

operating conditions and requirements.

5.2.4 Flow-field Changes

The instantaneous flow-fields are presented in Figures [5.6(a)| to [5.6(h)| using contours of pressure

coefficients and normalised axial velocities at the azimuth = 0° slice. The pressure coefficients
were calculated using the free-stream velocity and the ambient pressure. The axial velocity is
normalised by the free-stream axial speed. Note the axial flow travels towards the —Z axis. The

flow-field of the original design is presented in Figures[5.6(a)| and [5.6(b)| for comparisons.

Flow-fields of the duct optimisation are shown in Figures [5.6(c) and [5.6(d). As can be seen

in Figure the propeller disk had a larger high pressure area towards the blade root. The
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propeller disk hence carried higher loading. Further, as shown in Figure [5.6(d)} the axial velocity
through the propeller disk was slowed comparing to the original design in Figure[5.6(b)l Given the
same blade shape and the constant RPM during the duct shape optimisation, it can be concluded
that the propeller thrust was increased due to the improved inflow condition because of the duct
deformation. The deformed duct shape is expected to induce lower mass and momentum flow rates

through the propeller disk, which is necessary at high advance ratios and has been noted in Figure

[5.6(b)
Flow-fields of the blade twist optimisation are shown in Figures[5.6(¢e) and [5.6(f)l In Figure

it can be seen that the blade also saw a larger high pressure region towards the root area and
the propeller disk loading was hence increased. From Figure the axial velocity through the
propeller disk was slightly increased compared to the original design in Figure except that
faster flow was seen through the mid-span and root regions in the optimised case. In other words,
the axial velocity was more evenly distributed along the blade radius compared to the original
case. These are consistent with the blade pitch and twist changes from the optimisation as shown
in Figure Since the global pitch was increased by about 2°, which is reasonable for propellers
at high advance ratios and higher thrust was hence expected. Further, with the increased blade
twist at the tip, higher loadings were hence expected at mid-span and root regions, and the wake
was expected to be more evenly distributed approaching the uniform wake distribution for an ideal

rotor. The duct thrust was also increased due to the higher propeller suction.

Flow-fields of the coupled duct exit and blade twist optimisation are presented in Figures

[5.6(g) and [5.6(h). It can be noted from Figure that the blade saw a higher loading through

the optimisation. The axial velocity, as in Figure was slightly increased compared to the
original design in Figure Compared to the original design, the blade pitch was increased
along the span, especially at the tip. This is reasonable due to the high advance ratio and the
high inflow velocity. Compared to the separate blade twist optimisation, the local pitch angles in
the coupled optimisation were lower at the root and mid-span regions, but the angles were higher
beyond 0.8 r/R. This is not favourable for the propeller efficiency from simple theoretical analyses.

Nevertheless, the coupled optimisation managed to offer about 7% more thrust than the separate
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blade twist optimisation. This should be due to the slightly reduced duct exit expansion ratio that
improves the inflow conditions for the propeller disk. Also, small coupled deformation of the
blade and duct leads to large performance changes. This indicates a better performance capacity
of the ducted propeller to cover various operating conditions and requirements using the coupled

deformation.

Overall, it can be concluded that the duct and blade twist optimisations increased the total
propulsor thrust at this high advance ratio of 4 = 0.191 in different ways. At this high axial speed,
the duct deformation reduces the induced flow rates through the propeller disk, thereby creating a
more favourable working condition for the propeller at high speeds, and the propeller disk loading
is increased. The duct-propeller thrust sharing is therefore altered. In a different perspective, it is
possible to use the duct deformation for the performance control of ducted propellers, by altering
the propeller inflow conditions and the thrust sharing between the duct and the propeller. However,
issues regarding mechanism complexity, control response, structure etc. must be accounted for,
beforehand. The blade twist optimisation adjusts the local pitch angles for the blade elements to
accommodate high inflow velocities and improve the efficiency by redistributing the loads among
the propeller disk. The duct thrust is also increased since the propeller suction is increased and the
duct shape remains the same. The coupled deformation of the duct shape and blade twist combines

both means and offers larger and more sensitive overall performance changes.

5.2.5 Performance at Varying Blade Pitch, Advance Ratio, and Crosswind

Since the optimisation in this chapter was performed at a specific operating point, it is of interest
to examine whether the performance is improved or penalised in other conditions. This subsection
examines the influence of the blade pitch, advance ratio, and non-axial inflow.

In practice, the thrust increase of a propeller is mostly realised by conventional pitch in-
creases. Therefore, the optimisation results are compared with the thrust-torque map of the origi-
nal design at 4 = 0.191 subject to pitch variations as shown in Figure Blade pitch variations

were also applied to the coupled optimisation case to examine the performance of the new designs

168



CHAPTER 5. ADJOINT-BASED DESIGN OPTIMISATION FOR DUCTED/OPEN
PROPELLERS

| O

. Cp: 4-3210 1 VzilVinfl: 2 1.6-1.2-0.804 0

(a) Pressure coefficient contours of the (b) Axial velocity contours of the original
original design. design.
| | q
L D o~ -
\
. cp: 511.1 Vz/|Vinf: 2 -1.6-1.2-08-04 0
(c) Pressure coefficient contours of the (d) Axial velocity contours of the duct
duct shape optimised design (Casel). shape optimised design (Casel).

\ e A
/E Cp: 50.1 Vz/|Vinfl: -2 -1.6 -1.2-08 04 0
(e) Pressure coefficient contours of the (f) Axial velocity contours of the blade
blade twist optimised design (Case2). twist optimised design (Case2).

Cp: 4-3-2101 Vz/|Vinf|: -2 -1.6-1.2-08-04 0

(g) Pressure coefficient contours of the (h) Axial velocity contours of the coupled
coupled duct shape/blade twist optimised duct shape/blade twist optimised design
design (Case3). (Case3).

Figure 5.6: Instantaneous flow-fields of the original and optimised shapes on y = 0 slice. The
pressure coefficients are normalised using the free-stream velocity. The axial velocity values are
normalised by the free-stream axial velocity.
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at different disk loadings. Compared to the original design, for the same thrust required, the duct
shape optimisation (Case 1) produces almost the same torque, while the blade twist optimisation
(Case 2) generates slightly lower torque. The coupled duct/blade optimisation (Case 3) shows the
greatest improvement with a large torque reduction. Performance variations of the coupled case
were also examined at different disk loadings by blade pitch variations as shown in Figure[5.7] The
coupled optimisation brings much better performance at higher pitch settings/disk loadings with
lower torque, while the performance at lower disk loadings is similar to and slightly lower than the

original design.

A Duct Shape Optimisation(Case1)

5] Blade Twist Optimisation(Case2)
——@—— Coupled Optimisation(Case3)
04 - o HuB3 Original Ducted Propeller

'Y Al Coupled Optimisation
(Case3)

Original Open Propeller
.~ Case3

Initial Point

Propeller Torque CMz/[-]

0.2 |-
Original Ducted Propeller
1 L 1 L

1 1.5
Total Thrust CFz/[-]

Figure 5.7: Thrust-torque map of the original ducted/un-ducted Grunwald"®! propellers at u =
0.191 subject to blade pitch variations. Performances of the optimised cases are also plotted using
scatters.

Performance of the coupled optimisation (Case 3) was also examined at other advance ratios
of 4 =0.0955 and pu = 0.382 and compared with the original open propeller and ducted propeller,
as shown in Figure [5.8] The advance ratio was changed by varying the free-stream speed while
keeping the rotating rate constant. The initial coupled optimisation (Case 3) managed to produce
higher thrust at higher and lower advance ratios than the original ducted propeller, although at
higher torque costs. The blade pitch of the coupled optimisation case was later reduced by 2.5° to
deliver similar thrust level as the original design at u = 0.191. This reduced blade pitch required

slightly larger power input for a thrust similar to the original design. The optimised design also
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showed slightly penalised performance than the original at the lower advance ratio of u = 0.0955.
This was expected as the reduced duct expansion ratio is more beneficial at higher advance ratios.
Its thrust at the very high advance ratio of p = 0.382, although still close to zero, was improved
than the original design, which is producing negative thrust. At this high advance ratio, the duct
causes large drag rather than propulsion due to the fast free-stream and low propeller induction, so

increasing the blade pitch at high advance ratios is still necessary!4,

0.5

Lo advance ratio = 0.0955
i A advance ratio = 0.191 L )
04 - o advance ratio = 0.382 Case 2 Case 3 Coupled Optimisation
- (Case 3)
Case 1 A A—p—/— ——————— -
-~ Coupled Optimisation

03 (Case 3, pitch-2.5[deg])

02 |-

Propeller Torque CMz/[-]

Increasing Free-stream Speed

0.1 |-

Original Ducted Propeller

o L v 1
-0.5 0 0.5 1 1.5 2
Total Thrust CFz/[-]

Figure 5.8: Performance comparisons between the optimised designs and the original designs at
different advance ratios at initial pitch settings.

To examine the crosswind performance of the optimised designs, initial simulations of the
duct optimisation (Case 1), where large duct shape deformation was observed, with non-axial in-
flows were also performed. Performance comparisons, in terms of lifting forces C; and propulsion
forces Cf,, are presented in Figure It can be seen that at AoA = 20°, the optimised duct shape
produces the similar amount of lift and slightly lower propulsion. This suggests that the cross-
wind performance of the optimised design is only very slightly penalised, despite the large shape
changes which improve its axial performance.

In summary, the optimised design through the coupled optimisation showed improved per-
formance at varying blade pitch angles, especially at higher disk loadings. Its performance was also
better than the original at higher advance ratios, although the performance at lower advance ratios

was slightly penalised. With the large duct shape deformation, the ducted propeller performance

171



CHAPTER 5. ADJOINT-BASED DESIGN OPTIMISATION FOR DUCTED/OPEN
PROPELLERS

4 ——g—— Original-CI-Experiment -14

u Original-CI-HMB3

v Duct-Optimisation-Cl

——&—— Original-Cd-Experiment
[} Original-Cd-HMB3 -3

® Duct-Optimisation-Cd

Cl[]

CFz/[]

-10 ‘ 0 ‘ 10 20 30 ‘ 40 ‘ 50
AoA/[deg]

Figure 5.9: Performance comparisons between the optimised duct design (case 1) and the original
design at crosswind.

was not much affected at crosswind.

5.3 Far-field Acoustics of Optimised Shapes

As stated earlier, the acoustic performance was not formulated in the optimisation, as the aerody-
namic performance is considered as the primary concern. Nonetheless, the far-field acoustic perfor-
mances of the optimised designs are also examined in this subsection to explore changes brought
by the duct shape and blade deformation. The far-field acoustics was calculated at microphone
points on a spherical surface of 20-duct-chord radius surrounding the propulsor to investigate the

directivity, the same as in Chapter 4]

The SPL values of the total noise signals for the original and optimised designs are presented
in Figure The acoustic levels vary little along the propeller azimuth, hence comparisons are
made at the azimuth station of 0°. Compared to the original open propeller, the optimised designs
still show similar acoustic levels in the axial directions and lower levels in a large range between
—60° to 60°. Compared to the original ducted propeller, the acoustic levels maintained similar

trends.
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Still, variations in the directivities due to design changes can be noted. For the blade twist
optimisation (Case 2), the acoustic directivity is almost identical to that of the original design. The
duct shape optimisation (Case 1) and the coupled optimisation (Case 3) mostly shifted the location
of the local acoustic minimum towards the inflow direction while maintaining the minimum values
still at around 65 dB. The duct shape optimisation moved the lowest acoustic level to around 0°
directivity, while the coupled optimisation moved the lowest to around 15° directivity. It can be
seen that the duct shape plays a more significant role, compared to the blade design, in the far-field

acoustic pattern of the ducted propeller.

------------ Ducted Propeller(original)
....................... Open Propeller(origingl)
——=a—— Duct Shape(Case1)
——a—— Blade Twist(Case2)
——~v—— Coupled(Case3)

30 Directivity Angle/[deg]

-1 SPL/[dB]

40

90 -90

Figure 5.10: Far-field acoustic directivity spheres (20 duct chords away) of the optimised designs.

The perceived noise signals at fixed ground positions were also calculated for the optimised
designs and compared with the original ducted/un-ducted designs. The microphone position was
placed at 10 duct chords below as illustrated in Figure 4.26] The moving RMS values of the
acoustic signals were calculated using signals within a time window of one propeller revolution
and are presented in Figure Acoustics of all three optimised designs are very similar to that
of the original ducted propeller and are only a quarter or half the strength of the un-ducted. The
moving RMS of the optimised designs was also mildly smoother than the original design. Two
acoustic peaks were still noticed, respectively before and after the propeller passage. The acoustic
valley was also noted at the propeller passage. For the duct shape optimisation, the moving RMS
of the signal had similar peak values to the original but had a lower minimum. The signal was also

slightly phase-shifted with the second peak delayed. The moving RMS of the twist optimisation
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was almost identical to the original. For the coupled optimisation, the moving RMS peaks were

slightly higher than those of the original, and the valley value was also lower regardless.

Open Propeller
Original Ducted Propeller
Duct Optimisation

Twist Optimisation
Coupled Optimisation

propeller disk passage

Moving RMS(Total Noise)/[Pa]
Hd
H

L L L L L L
01 02 03 0.4 0.5 06
Reveiver Time/[s]

Figure 5.11: Moving root-mean-square (RMS) values (calculated using signals within a time win-
dow of one blade rotation, i.e. 0.0075s, at each time point) of the fly-by acoustic signals recorded
10 duct chords below (Figure 4.26)of the optimised designs.

The acoustic results suggest that the acoustic performance was not severely affected by the
optimisation but the duct shape played a more significant role in the ducted propeller acoustics.
It is hence also possible to alter the acoustic performance by changing the duct shape. In com-
bination with blade twist deformation or pitch regulation, the aerodynamic performance may not
be penalised for this purpose. This can be achieved by coupling the aerodynamics and acoustics

altogether in the optimisation formulation in future work.

5.4 Chapter Summary

This chapter presented the gradient-based aerodynamic shape optimisation of ducted propellers to
improve the performance at high advance ratios. Far-field acoustics of the optimised designs were

also examined afterwards. The following conclusions can be drawn from the optimisation study:

1. By altering the duct and blade shapes, the ducted propeller performance was effectively
improved at u = 0.191 by the proposed adjoint-based optimisation framework. Especially,
the coupled duct/blade shape optimisation brought the greatest performance improvement
compared to the separate cases respectively for the duct and the blade. Subject to the

120% torque constraint, the coupled optimisation managed to increase the total thrust by
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18.3%. While for the same power input, the original design could only increase the thrust
by about 10% by increasing the blade pitch. Compared to the original design, the coupled
optimisation also delivered better performance at higher disk loadings/pitch settings. The
performance was also improved at higher advance ratios but slightly penalised at lower
advance ratios. The cross-wind performance of the duct shape optimisation, where the

largest duct deformation is observed, was shown only slightly penalised.

2. To improve the ducted propeller performance at high axial speeds, the gradient-driven op-
timisation decreased the duct inlet/outlet expansion ratio and reversed the original section
camber. This deformation caused the duct to induce lower inflow velocity and flow rates
through the propeller disk, thereby improving the inflow condition for the propeller and im-
proving its thrust. For the blade shape, the global pitch was increased to accommodate the
high inflow velocity. The blade twist optimisation increased the blade twist to offload the
tip and to improve the efficiency. However, in the coupled optimisation, the blade twist was
slightly eased. Regardless, combined with the duct deformation, the coupled optimisation

offered the greatest performance improvement.

3. The far-field acoustic performance of the optimised designs was also examined to ensure
the acoustic benefits were maintained after the aerodynamic optimisation. The far-field
noise levels of the optimised designs remained almost the same as the original design and
the acoustics was better than that of the open propeller counterpart. Particularly, the duct
shape had a strong impact on the overall far-field acoustics. The duct shape optimisation
and the coupled optimisation, where duct deformation was involved, altered both the far-
field acoustic directivities and the fly-by noise signal. With the reduced expansion ratios,
the low far-field acoustic region was moved closer to the propeller disk. Signals of the blade

twist optimisation were almost identical to that of the original without the duct deformation.

The next chapter will study and compare the performance of installed ducted/open propellers

under a main rotor as auxiliary sources of propulsion for novel rotorcraft configurations.
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Chapter 6

Aerodynamic Interactions between the

Main Rotor and Ducted/Open Propeller

For applications as auxiliary sources of lift or propulsion for novel rotorcraft configurations, the
ducted/open propellers are typically subject to the main rotor downwash. Results of ducted/open
propellers at crosswind conditions presented in previous sections may be indicative for the instal-
lation cases, but the aerodynamic interactions are expected to be much more complex due to the

unsteady, impulsive, and non-uniform main rotor downwash.

This chapter hence investigates the performance changes of ducted/open propellers installed
under a main rotor. A generic rotor/propeller combination was adopted for the investigation. Per-
formance of the open and ducted configurations of the propeller were first studied. The aerody-
namic interactions and the performance changes of the rotor/propeller combination were then anal-
ysed in detail. The key contributions from this chapter are the evaluation of the actuator disk/line
models for the modelling of rotor/propeller interactions, and the detailed comparisons of perfor-

mance and interactional aerodynamics between the open and ducted propellers.

! This chapter has been published in T. Zhang, G. N. Barakos, “High-fidelity Numerical Investigations of Rotor-
Propeller Aerodynamic Interactions”, Aerospace Science and Technology (accepted), 2022
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6.1 Case Descriptions

A generalised rotor/propeller integration has been built for the investigation of the interactional

aerodynamics within the GATEUR AG25 project. The test rig used by ONERA is illustrated in
Figure[6.1(a)| and [6.1(b)l

(a) Front view. (b) Side view.

Figure 6.1: Illustration of the ONERA test rig for the rotor/propeller interaction study.

The test model consists of a 1/7-scaled Dauphin fuselage, a 1.5-m-diameter main rotor, and
a 11-inch-diameter commercial propeller (APC 11x9-4). The same fuselage and rotor combina-
tion has been used in previous studies of rotor/fuselage interactions!™*¥. Dimensions and relative
positions of the test models are presented in Figure In the experiments, the main rotor rotates
clockwise viewed from above, and the propeller rotates counter-clockwise viewed from the front.

However, as in Figure [6.2] all geometries and motions have been mirrored about the x-z plane

comparing to the original in Figures|6.1(a)and|6.1(b)l This is for easier implementations of actua-

tor disk models and mesh motions in HMB3. Therefore, the main rotor rotates counter-clockwise
viewed from above, and the propeller rotates about the positive x axis in all simulations of the ro-
tor/propeller combination within this thesis. Note the fuselage was excluded in the present study,

as done in references [143. 145

More descriptions of the main rotor geometry and motions are listed in Table[6.1] The rotor
was trimmed in isolation to a specific thrust with no lateral flapping and no longitudinal forces.

The trimming values were not altered after the installation of the propeller. More information of
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Figure 6.2: Dimensions and relative positions of the rotor/propeller interaction test rig by ONERA.
Dimensions are normalised by the main rotor chord C = 0.05m. Note the model and all the motions
are mirrored about the x-z plane comparing to the actual experimental test.

the APC 11x9-4 propeller is presented in Table [6.2] and Figure [6.3] The propeller RPM and pitch

angle were kept constant throughout the test.

High-fidelity simulations are necessary to resolve the complex interactional aerodynamics
between the main rotor and the propeller for this case. Nevertheless, the modelling is challenging
due to large temporal and spatial differences between the main rotor and propeller. As presented
in Tables [6.1] and [6.2] the propeller to rotor rotational speed ratio is 6:1, while the radius ratio is
about 0.186:1. The temporal and spatial resolution of the CFD modelling hence must prioritise the
propeller that has the higher frequency and smaller spatial size, and the computational cost can be
prohibitively large.

Simplified modelling with reduced computational costs is therefore necessary. Previous

CFD simulations by Boisard 143l suggest that the main rotor sees minor influence from the pro-

178



CHAPTER 6. AERODYNAMIC INTERACTIONS BETWEEN THE MAIN ROTOR AND

DUCTED/OPEN PROPELLERS

Table 6.1: Geometry and operating conditions of the main rotor.

radius

chord

twist

number of blades
shaft angle
planform

blade section

0.75m

0.05 m

linear -16°

4

4 ° nose down
— rectangular
— no swept

— no taper
0OA209

rotational speed
Free-stream velocity
Main rotor advance ratio
Propeller climb ratio
trimming target

RPM 1272 (Vi = 100m/s,Mayi, = 0.294)
Voo =0,5,10,15,20,25m/s

Umr =0,0.05,0.1,0.15,0.2,0.25

Uprop = 0,0.0448,0.0896,0.134,0.179,0.224
— Ct=0.0123

— trimmed in isolation

— zero longitudinal force

— zero lateral flapping

Table 6.2: Geometry and operating conditions for the APC 11x9-4 propeller.

radius
twist

0.1397 m
non-linear -41 °

number of blades 4

rotational speed
75% span pitch

RPM 7632 (V;;, = 111.65m/s)
21 ° (fixed)

peller, whereas the propeller suffers more from the main rotor wake and downwash. This is ex-
pected considering that the main rotor is placed upstream the propeller and it has to produce lift to
counter the total weight. In view of this, it is reasonable to model the main rotor with simplified
and efficient models and to focus on the aerodynamic interactions near the propeller with blade-
resolved simulations. Therefore, the actuator disk and actuator line models are adopted to model
the main rotor for the rotor/propeller interaction study in this thesis. The actuator disk models have
been assessed in Chapter [3| and were shown capable of resolving the interactional aerodynamics

at much reduced computational costs. Similar approaches were also used in previous studies of

rotor/propeller interaction studies by Stokkersman et.al. 146l

It is also noted that the main rotor

advance ratio (1 = 0 ~ 0.25 for the current study) plays a
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Figure 6.3: Blade shape of the APC 11x9-4 propeller.

significant role in the aerodynamic interactions, as the advance ratio determines the wake boundary.
At higher advance ratios beyond p = 0.1, the main rotor wake passes above the propeller disk,
inducing only small fluctuations in the propeller thrust. In the intermediate advance ratio range
near 4 = 0.05, the main rotor wake partially impinges on the propeller disk. The propeller hence
sees large influences from the main rotor within certain azimuth ranges. Otherwise, the influence
is rather small. In hover, the propeller is immersed in the main rotor downwash, and significant
fluctuations in the propeller thrust can be noted. Unsteady simulations of the hover condition
can be very costly due to the lack of free-stream and to the complex flow details often exhibited.
The current work has hence chosen the low advance ratio of u = 0.05 as a typical condition that
has significant aerodynamic interactions and requires moderate computational costs for the high-

fidelity simulations.
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6.2 Validation and Performance of the Isolated Ducted/Open

APC Propellers

To validate the geometry and numerical settings, simulations were first performed on the isolated
APC 11x9-4 propeller, as shown in Figure A large test matrix in Table was compiled
to test the propeller performance in axial flight and to assess the effects of spinner and fairing, tur-
bulence modelling, and steady/unsteady approaches. The spinner and fairing, as shown in Figure
have the exact shapes as the experiments. However, the aft-part of the fairing was ex-
tended as a circular cylinder with a smooth sealing to model the effects of the wind tunnel support
structures. Moreover, a ducted configuration was also proposed, as shown in Figure [0.4(b)| using
the same Grunwald duct shape U8 from previous chapters. The duct was scaled to enclose the

propeller with the same tip gap to radius ratio of about 0.53%.

(a) Original APC 11x9-4 propeller. (b) APC 11x9-4 propeller fitted with Grunwald duct.

Figure 6.4: Geometries of the original open and ducted APC 11 x9 propeller.

Table 6.3: Test matrix for simulations of the APC 11x9 four-bladed propeller.

Case Name RPM Veo/[m/s] Spinner & Fairing Duct Turbulence Modelling Steady/Unsteady

0.00, 5.58, 11.17, 15.00,

PC1 16.75, 22.33, 25.00, 27.91 N N k-0 SST steady

PC2 7632 0.00, 5.58, 16.75 N N k- SST & SAS unsteady
0.00, 5.00, 10.00, 15.00,

PC3 20.00, 25.00 Y N k-0 SST steady

PC4 5.00, 15.00, 20.00 % % k- SST steady

Simulations of the open/ducted propellers in axial flight were carried out following similar
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approaches as in previous sections, using the Rotating Reference Frame and periodic boundaries
with only 1/4 of the entire computational domain. The unsteady simulations used the same grids
and periodic boundaries, but resolved the rotational motions. The grids were again generated with
the help of the automation framework presented in Chapter 2l The Reynolds number based on the

75% blade chord and the tip speed is about 1.38 x 10°.

Simulation results in terms of the propeller thrust and torque are presented in Figures
and respectively. Also presented are wind tunnel test data by ONERA at three rotating
rates. The differences between numerical results were mostly within 1N and 0.05Nm. Such small
differences in the simulations were expected for a small-scale propeller working at this medium to
low Reynolds number, due to complex flow features e.g. transition, separation, and interactions.
In general, the numerical results are in close agreement with each other and with the test data,

especially at higher axial velocities.

For the open propeller with and without the centre-body using steady methods, i.e. cases PC1
and PC3, the thrust and torque results are very close across the axial speed range, but slightly larger
thrust differences can be noticed in hover. Without the spinner and fairing, the propeller produced
about 1 Newton more thrust in hover, and the torque was also very slightly lower. Otherwise, the
absolute differences in thrust and torque were negligible. These suggest that the spinner and fairing

had very limited effects in axial flight for this case.

As for the unsteady simulations of the open propeller, i.e. cases PC2-SST and PC2-SAS, the
thrust results differ a little more from the steady results at low axial speeds. The SST modelling
gave slightly higher thrust predictions by about 1 Newton at the axial speeds between 0 and 5 m/s.
At higher speeds, the unsteady SST predictions were almost identical to the steady results. The
SAS modelling, however, gave slightly lower thrust predictions throughout the speed range con-

sidered. Comparisons of flow-fields resolved by the two modelling approaches at V., = 16.75m/s

are presented in Figures |6.6(a) and [6.6(b). The disk loading distributions were also extracted and

presented in Figures [6.7(a)] and [6.7(b)l It can be seen that the differences reside mostly near the

blade root, with the SAS simulation resolving more fluctuations. Nonetheless, these were only

small absolute differences.
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Figure 6.5: Thrust and torque variations of the APC pro