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SUMMARY

Propellers were the first means of propulsion for aircraft. However, their development was abandoned in the
1950s due to the growth of interest in jet propulsion. In the 70s, the oil crisis renewed the importance of pro-
peller propulsion. This was due to the high efficiency of these propulsion systems. In more recent years, both
the motivation to reduce aircraft’s fuel costs and the willingness to decrease the environmental footprint of
air travel have raised the importance of propeller research.

With the goal of further increasing propellers efficiency, ducts emerge as an appealing option. Indeed,
these were found to be able to increase the thrust to power ratio of a propeller system by both producing
thrust and/or lowering the tip losses of propellers. Literature indicates that the advantages of ducting a pro-
peller are most noticeable at low free-stream Mach numbers, when the propeller is able to cause a stronger
slipstream contraction. Furthermore, ducts can increase the safety and decrease noise emissions of pro-
pellers. With all their advantages, ducted propeller systems have also been appealing for rather unconven-
tional aircraft designs. One example is the Delft University Unconventional Concept (DUUC), in which two
ducted propellers are present at the aft fuselage, and are also integrated with a control and stability system.
For control and stability of the aircraft, it could be beneficial if the duct could have a shape different than
the usual circular shape (e.g. square). However, the studies found in literature only refer to circular ducts,
reason for which it would have been difficult to estimate the impact of such a modification in the propulsive
performance of the system. Furthermore, also distributed propulsion systems using propellers have gained
interest in the past years. Distributed propeller propulsion systems could also benefit from having a square
duct around each propeller, instead of a circular duct around each propeller. This could reduce both the
weight and the wetted area of the system.

With the aim of understanding the possible impacts of modifying a propeller duct shape from a circular
to a square geometry, RANS CFD simulations were used to compute the flowfields of the different configura-
tions tested. Firstly, the isolated circular and square ducts were simulated, as well as the isolated propeller,
in order to characterize their isolated performance. Besides simulating the propeller with a conventional (ra-
dially large) propeller domain, this component was also studied with radially smaller propeller domain, in
order to evaluate if this unconventional domain could be used in full blade model ducted simulations, in-
side the duct. Afterwards, the installed configurations were considered. Each duct was first tested with an
AD model simulating the performance of the propeller, for which the inputs obtained from the isolated pro-
peller configurations were used. The steady AD simulations were used to understand the impact caused by
the propulsor on each duct, at different power settings. Afterwards, each installed duct system was simulated
using the full blade model of the propeller, with an unsteady simulation. Due to the high computational costs
of the unsteady ducted full blade model simulations, only one operating condition was tested, characterised
by the propeller’s advance ratio J = 0.7.

The results obtained from the isolated ducts simulation showed differences in the drag of the two com-
ponents. The larger wetted area of the isolated square duct was found to be the dominant contributor for this
difference in drag. Nevertheless, the results also indicate that separation occurs at the corner of the square
duct, near the trailing edge. This phenomenon also contributes towards the increase in pressure drag of the
component. Besides, the boundary layer at the square duct’s corner was found to be considerably thicker
than at other spanwise locations, which indicates that the square duct’s BL is more prone to separation at
the corner. Literature relative to corner flows also indicates a that the BL height is expected to be larger at
geometry corners. Moreover, the simulation of the isolated ducts also suggested that there should be differ-
ences in the performance of the propeller inside each duct. Firstly, the axial flow velocity at the propeller disk
location was found to be higher inside the circular duct. Secondly, the axial velocity of the flow was found to
be uniform inside the circular duct (in the azimuthal direction), but was found to vary inside the square duct.
Therefore, the results of the isolated ducts indicated that the propeller could be able to produce more thrust
inside the square duct, but that the loading on the blades would vary in time for this configuration.
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The results of the isolated propeller simulations also led to interesting conclusions. Firstly, the results ob-
tained with the conventional propeller domain were verified and validated. Afterwards, the results obtained
with the small propeller domain were analysed, which led to the conclusion that this unconventional domain
is inappropriate for the calculation of a propeller flowfield with the steady MRF approach. Nevertheless, the
sliding mesh unsteady calculations performed with both domains showed good agreement, which led to the
conclusion that the sPD could still be used for unsteady calculations of the ducted systems’ performance.

After characterizing the isolated components performance, the installed configurations were considered.
The AD steady simulations indicate that the circular duct considered is able to produce more thrust than the
square duct. Firstly, the results indicate that the square duct corner sections, which are further away from the
AD, feel a lower change in effective angle of attack, which is the main reason for the production of thrust by
a propeller duct. Secondly, a relatively large region of reversed flow was found at the ducts corner, with axial
separation starting at 30% duct chord. Finally, the square duct was found to generate strong vortices at its
corner, which also lead to a decrease in performance.

The results obtained from the simulation of the circular and square ducts with the full blade propeller
model are in agreement with the hypothesis formed by analysing the AD simulations, that using a square
duct leads to a decrease in propulsive performance. Nevertheless, since the performance of the propeller
is also influenced by the duct’s flowfield, the estimated differences in performance between the two ducted
systems were smaller for the full blade model simulations. The thrust of the propeller inside the circular duct
was indeed found to be lower than inside the square duct, due to the differences in axial inflow velocities.
Moreover, the thrust of the propeller was found to vary depending on the blade’s azimuthal location, as sug-
gested by the analyse of the isolated duct results. Besides the variation of axial inflow velocity during the
blade’s rotation, the variation of tip clearance was also confirmed to affect the thrust produced by the blades
at each azimuthal location, inside the square duct. Overall, the efficiency of the square ducted propeller was
estimated to be 4.5% lower than the efficiency of the circular ducted propeller, at J = 0.7 and 30m/s. At this
operating condition, both systems were estimated to be producing a similar thrust, since the thrust calcu-
lated for the circular duct was only 0.4% lower than the thrust of the square duct system.

The present study has contributed towards a better understanding of the performance of unconventional
square duct designs. The results indicate several disadvantages of the square duct tested with respect to
the conventional circular duct. Nevertheless, future study should still be performed in the topic. At higher
Mach numbers, when slipstream contraction caused by propellers is lower, unconventional aircraft featur-
ing distributed propulsion systems could still benefit from the usage of square (or rectangular) ducts instead
of a circular duct around each propeller. At an operating condition where the ducts produce drag instead
of thrust, decreasing the wetted area of the ducted system can still help improving the aerodynamic perfor-
mance of the aircraft. The present study indicates that the duct corners of such a configuration should be
carefully designed, in order to minimise separation and the strength of the corner vortices.
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INTRODUCTION

The first aircraft built made use of propellers as a propulsion mechanism. However, the need for faster air-
craft, and, with it, more powerful engines, made the aerospace industry turn its major investments and re-
search into the development for jet engines in the 50s. Recent greater concern for the climate effects caused
by aviation, combined with the need for lowering fuel consumption since the oil crisis in the 70s, have since
then driven the sector into the investigation of more efficient means of propulsion. For this reason, propellers
have again been largely studied worldwide for the past decades. Still with the lowering fuel consumption goal
in mind, ducts appear as a mean of increasing the efficiency of propellers. Indeed, there are several examples
of recent usage of ducted propellers that justify its deeper understanding and an investment in its research.
Some of these are for maritime applications (studied e.g. by Oosterveld [40]), unmanned aircraft vehicles
(UAVs) [27], distributed propulsion concepts such as the Lilium Jet [54], or even 'propulsive empennage’
projects such as the Delft University Unconventional Concept (DUUC, shown in Figure 1.1) [22]. Further
than increasing the propulsive efficiency of the system, other commonly referred advantages of shrouded
propellers are the shielding of the propeller for protection, and noise reduction [15]. In this report, the terms
duct and shroud are used with the same meaning.

Figure 1.1: DUUC aircraft with ducted propellers for propulsion, control and stability [58].

1.1. HISTORY OF DUCTED PROPELLERS

In the history of aviation, the ducted propeller concept is considerably old. Hitchens traced these back to
1910, when the Bertrand Monoplane was built [13]. This aircraft made use of both a tractor and a pusher
propellers inside a single duct. In 1933, there was already clear evidence of the potential of increasing pro-
peller efficiency with a shroud. Popular Science magazine [12] referred that the "speed of an airplane may be
increased from thirty-nine to 140 percent by putting a ring around the propeller". This improvement in the
propulsive efficiency, however, seems to be excessively optimistic. If it is considered that the drag of an air-
craft varies approximately proportionally to the square of its velocity (in the subsonic regime), a 100 percent
increase in velocity would result in 4 times the drag, reason for which a 4 times greater thrust would also be
required. Another interesting fact of this invention patented by Carl E. Hall, was that it also included vanes
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inside the duct which could be shifted to increase the airplane’s drag during landing (see Figure 1.2).

In the 1950s, a vertical take-off and landing (VTOL) vehicle making use of ducted propellers also appeared.
This was the Hiller 1031 flying platform (Figure 1.3). Using counter-rotating propellers for propulsion, it also
relied on the duct to produce 40% of the total thrust [15]. This was mainly possible due to the shape of
the lip of the duct. In this region the air sucked by the system would be further accelerated to produce a
region of lower pressure, which contributed to the total trust of the aircraft. The Hiller flying platform was,
however, excessively stable. For this reason, horizontal travel was difficult, and the project was eventually
abandoned. Nevertheless, recent duct designs still make use of thrust produced at its inlet, due to generated
lower pressures. One example is the shroud optimised for the UAV MOSUPS [27]. However, this increase
in thrust at the duct is dependent on the slipstream contraction caused by the propeller. For this reason, it
is specially beneficial at static conditions, losing relevance at higher free-stream Mach numbers. Indeed, at
greater velocities the slipstream contraction is lower.

Figure 1.2: Aircraft propeller cowling patented by
C.E.Hall [12].

Figure 1.3: Hiller 1031 Flying plat-
form [47].

Nowadays, intensive research regarding shrouded propellers is being conducted. For instance, the DUUC
model developed at TU Delft is powered by two ducted propellers at the aft end of the fuselage. This way;, it
is possible to incorporate control surfaces in the duct, so that an horizontal and vertical tail are unnecessary
[22]. In the scaled model already tested, control surfaces are located inside the duct, aft of the propeller, as
shown in Figure 1.4. However, the future plans for the model include modifying this characteristic. It is in-
tended to test the aircraft with control surfaces integrated in the duct surface, as can be seen in Figure 1.5.
This control system, therefore, would benefit from the use of a quadrangular duct, for greater efficiency of
the control surfaces. Furthermore, N. van den Dungen has estimated that DUUC'’s "propulsive empennage’
would not be favourable when compared to a conventional tail design [58]. The reason given for this was
the excessive weight caused by the aft propulsive system, which would result in a large shift of the aircraft’s
centre of gravity. Therefore, the interest in understanding the aerodynamic implications of using a quadran-
gular duct is increased. In case this unconventional duct could be used without a large negative impact on
propulsive performance, the potential benefits for control and stability of the aircraft, including a decrease
in its complexity, could result in a reduction of duct’s weight. The importance of studying unconventional
propeller shrouds is again justified.

Propeller duct systems have also gained the interest of distributed propulsion projects. One example of
this is the Lilium jet aircraft, which can be seen in Figure 1.6. However, this aircraft makes use of a circular
shroud around each propeller system, resulting in added weight. Therefore, for projects of this nature, it
would also be beneficial to understand how the propellers would interact with an unconventional duct shape.
Distributed square ducts, or a large rectangular duct enclosing all the propellers, would be interesting design
alternatives to the solution found by Lilium jet.

Even though considering propfans is out of the scope of this thesis, it is important to refer that the ap-
plications of shrouds also extend to the design of these state-of-the-art advanced turboprop systems. One
example is the NK-93 (Figure 1.7), a shrouded propfan developed by the Kuznetsov Design Bureau.
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‘ '(T;U Delft

Figure 1.5: DUUC shroud with the control sur-
faces (shown in blue) incorporated at its sur-
face. Adapted from [57].

Figure 1.4: Propulsive system of the DUUC,
with control surfaces inside the duct [22]

A

Figure 1.6: Lilium jet distributed propulsion Figure 1.7: NK-93 advanced turboprop [53].
concept [54].

1.2. RESEARCH PLAN

One interesting fact found in literature, is that usually it is opted for shielding the propeller with a circular
ring. Indeed, this has the obvious advantage of enabling the decreasing of the gap between the propeller and
duct, this way lowering the tip vortices on the propeller and further increasing propulsive efficiency. How-
ever, there are cases when other duct shapes could be beneficial. For example, on aircrafts with a 'propulsive
empennage’, a quadrangular duct could be used to improve the control surfaces’ efficiency. On distributed
propulsion concepts, a rectangular duct could be used to cover several ducts, this way saving the weight of
having a duct around each propeller. However, unconventional propeller duct shapes have not been widely
studied, causing a barrier to its implementation on new aeronautical projects. For this reason, it is consid-
ered relevant to investigate the performance of ducts with a shape different than the common circular one.
Therefore, an opportunity for a Masters thesis project arose within this topic.

The thesis was outlined with the aim of contributing to the fundamental understanding of the aerody-
namic implications of different duct designs. In this way, the project focused on the aerodynamic differences
between a conventional circular ducted propeller and a square ducted propeller systems. Using computa-
tional fluid dynamics, the flow around both ducts was simulated in an isolated case, and also for power on
conditions. Even though it is expected that a circular shape of the shroud would result in higher thrust to
power ratio of the system than unconventional ducts, a deeper understanding of their differences can still
help deciding upon the use of a less efficient duct. In that case, a trade off would have to be made between
the estimated loss in propulsive efficiency and other advantages of the unconventional shroud design.

Based on the previously explained motivation, a research objective was defined:

The aim of the thesis project is to achieve a deeper understanding of the fundamental aerodynamic
effects present in an unconventional propeller duct design (square), by performing CFD simula-
tions.
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Based on this objective, a research question was elaborated, along with several sub-questions. The main re-
search question is:

How does the performance of square duct designs, for single-propeller concepts, compare with the
conventional circular duct?

The research work was organised based on following research questions:

* How does the aerodynamic performance of an isolated square duct compare to the performance of a
conventional circular duct?

— How can the main differences in the drag of both designs be justified?

— How does each duct affect the flowfield at the propeller location, inside the shroud?

* How does the performance of a propeller in a square duct compare with a circular duct system?

— Which steady aerodynamic effects affect the performance of the quadrangular ducted propeller
system?

— Which aerodynamic interference effects are dominant between the propeller and the quadrangu-
lar duct, considering the unsteady effects caused by the rotation of the blades?

— How does the overall performance of the different propulsive systems compare at the specific op-
erating conditions tested, considering the isolated propeller, the circular ducted propeller and the
square ducted propeller?

* How well do the numerical methods used perform in terms of accurately predicting the aerodynamic
characteristics of the different flowfields?

— How well does the turbulence model used represent the aerodynamic characteristics of the flow-
field?

— How well do the results from the two different domains used to model the isolated full blade pro-
peller model compare, considering both steady and unsteady simulations?

— How does the estimated performance of each installed system modelled with an actuator disk
compare to the performance estimated with a complete propeller model?

1.3. THESIS OUTLINE

The project started with a literature review under the topics aerodynamics of propellers and ducted fans.
Based on the literature review, the thesis research questions were elaborated, along with the methodology
to be followed. The approach consisted on successively performing CFD simulations on the different test
cases. For each case, the computational domain was created, the mesh was generated, the simulation was
run in the solver, and the results were preliminarily post-processed, before moving to the next test case. The
thesis test matrix consisted of different geometries, with different levels of complexity. Therefore, the simu-
lations were ordered from simplest to the most challenging ones. This had two advantages: the flowfield and
aerodynamic phenomena obtained from each simulation was easier to be understood, and the complexity of
the simulations followed the author’s learning curve. Exemplifying, the first test case referred to a 2D steady
axisymmetric simulation of the circular duct, and the last case referred to a 3D unsteady simulation of the
propeller shrouded by the square duct. The final post-processing of the results was performed in parallel to
the report and comparison of the findings.

In this report, the main findings from the literature study are presented in chapter 2. Chapter 2 also in-
tends to provide the reader with the necessary theoretical background to understand the project work. After-
wards, Part I of the report explains the project’s methodology. Chapter 3 relates to the numerical modelling
of the flow with CFD. This chapter explains why the thesis was based on CFD simulations. This justification is
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then followed by a discussion of the main choices regarding how the flowfields were modelled with CFD (e.g.
choice of the governing equations). Chapter 4 provides a more detailed overview of the approach followed.
The chapter specifies the test matrix followed, and discusses how the numerical methods chosen in the pre-
vious chapter were applied.

In Part 111, the thesis’ results are shown and discussed. Chapter 6 presents the results relative to the iso-
lated configurations. Subsequently, Chapter 7 analyses the results obtained with the simulation of the in-
stalled configurations. Finally, Part IV shows the main conclusions of the research, along with the recom-
mendations for future study.






AERODYNAMIC BACKGROUND

In this chapter, it is intended provide theoretical background on the aerodynamics of propellers (section 2.1)
and ducts (section 2.2). Also, several definitions are given, such as aerodynamic coefficients or performance
indicators. These definitions are used throughout the report as defined in this chapter.

2.1. AERODYNAMICS OF PROPELLERS

In this section is explained how propellers produce thrust, and the main aerodynamic phenomenon that oc-
cur. Also, studied interference effects regarding propellers are explained. First, it is important to introduce
some of the main variables and coefficients for characterizing propellers.

The thrust, torque and power coefficients are defined as:

T, = T 2.1
c qoosp ) .
Q
=— , (2.2)
Qc doaS, R
and:
p.= L (2.3)
" GooSp Voo '

where ¢ is the free-stream dynamic pressure, S, is the propeller disk area, R), is the propeller radius, T is
the thrust of the propeller, Q is the propeller’s torque, and P is the Power. The shaft power delivered to the
propeller is given by:

Pshaft =Q0 , (2.4)

where Q is the rotational speed of the propeller in radians per second. Based on the later definition, it is
possible to calculate the efficiency of a propeller:

Voo T
L 2.5
Mprop Pshaft @5

where V,, is the free-stream velocity. Another important parameter for the analysis of propellers is the ad-
vance ratio, J, which relates the free-stream velocity and the tangential velocity at the propeller tip. It is
defined as:

" nD

where n the rotational speed of the propeller in revolutions per second and D the propeller diameter.

] ) (2.6)

9
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2.1.1. MOMENTUM THEORY

With momentum theory, it is possible to calculate the thrust produced by a propeller using the momentum
given to the fluid by the propeller. Considering a closed control surface S, a force (F) acting on a fluid can be
calculated from the momentum theorem [60]:

F=f(pn+pn'vv)d5 ) 2.7
S

assuming steady flow. In this equation, p stands for pressure, n is the unit vector normal to the surface S,
directed outwards, and v is the velocity at S. In momentum theory, it is considered a control volume which
encloses the propeller streamtube. This region can be visualized in 2D in Figure 2.1, where the propeller is
represented as an actuator disk. The streamwise limits of this control volume are set when the inflow velocity
is equal to the free-stream velocity (upstream limit) and when the slipstream static pressure is equal to the
free-stream static pressure (downstream limit). This way, it is possible to simplify the previous equation to:

F=pA0utVour(Vour — Vo) (2.8)

where V,,; is the velocity in the slipstream far from the propeller, where the static pressure has already
equalled the free-stream static pressure. A, is the area of the slipstream at the same location. Since the
force acting on a fluid in this representation is indeed the thrust force, T, it can be written:

T=pAoutVour Vour — Vo) - (2.9)

— =

Propeller disc

Propeller streamtube;

= A

Figure 2.1: Representation of the propeller inflow and slipstream. Adapted from [38].

-
Vmut
Aout

The propeller slipstream contraction seen in Figure 2.1 is present due to the fact that there has to be
conservation of mass in the stream-tube, while the velocity is increasing. Therefore, at any location in the
stream tube, its area times the velocity has to be constant:

pAV =constant=r1 . (2.10)

where 1 is the mass flow rate. Furthermore, the conservation of mass implies that the increase in velocity
at the actuator disk (AD) has to be 0, assuming that p stays constant. If a control surface is chosen with
streamwise limits directly upstream and downstream of the AD, i.e. with an infinitesimal width, equation 2.7
simplifies to:

F=pawn—Pup)Ap (2.11)

and therefore:

T =(pawn—Pup)Ap (2.12)

where p4,, and py) are the pressures immediately downstream and upstream of the propeller, respectively,
and A, is the prop disk area. This means that the propeller can be represented as a static pressure jump in the
fluid, which causes the fluid to accelerate before and after the propeller. For a more accurate representation
of a fan by an actuator disk, the jump in tangential velocity (V;) caused by the propeller may also be included
in the model.
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2.1.2. BLADE ELEMENT THEORY

In this section, the main aspects of the blade element (BE) theory are presented. This simplified model can
give a valuable understanding on how propellers operate. BE theory is also extremely useful for early stages
of propeller design, specially when combined with momentum theory. Examples of its application can be
found for aircraft propellers [30], maritime props [2] and wind turbines [24].

The blade element theory is based on using various annular stream-tube control volumes. At the pro-
peller, these divide the blades into several sections of width dr, which have an airfoil shape. Then, for each
of these elements, the incoming velocity components are estimated and the 2D lift and drag are calculated,
based on the airfoil properties. Within this estimation, the induced velocities, V,; and V;, have to be iteratively
predicted at each blade element. Indeed, these velocities influence the aerodynamic forces at the airfoil, but
also depend on them. For this calculation of the induced velocities, blade element theory is combined with
the momentum theory. After calculating the lift (L) and drag (D) of the element, it is possible to find the thrust
(T) and torque (Q) components of the resultant force at the element. For a better understanding, the induced
velocities, the free-stream velocity (V,), the section rotational velocity (Q2r) at the element radial location (r),
the effective velocity (V, 7f) and the referred forces are plotted in Figure 2.2. The local inflow angle (¢), the
element angle of attack () and the blade section pitch angle () are also shown.

zero-lift line

Figure 2.2: Blade element velocities, angles and forces.
From a trigonometric analysis of the later figure, it is possible to calculate the inflow angle, ¢, using:

tangp = ——— (2.13)
The thrust and torque of each element (respectively d T and d Q) of with dr are then calculated from:

dT = (dLcos@ —dDsing)dr (2.14)

and:

dQ=(dLsinp+dDcos@)rdr . (2.15)

Or, from the circulation at the element, the thrust and torque can be calculated from [60]:

aT = pT'(Qr - Vydr (2.16)

and:

dQ=pT (Voo + Vy)rdr . (2.17)
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Having estimated the thrust and torque for each element, it is possible to calculate the overall T and Q of
the propeller from:

R
T=B[ dTdr (2.18)
Th

and:

R
Q:gf dQdr , (2.19)
n
where ry, is the radius at the hub, R is the radius of the blade at the tip, and B is the number of blades.

Even though the blade element theory can provide a valuable estimation of propeller characteristics, it
also has its own limitations. These include neglecting radial flow over the propeller, disregarding mutual
interference between blade elements as well as losses at the blade tips and at low radial positions, near the
hub. However, these losses can be modelled with a relevant accuracy by adding loss factors to the blade
element theory.

LOSS FACTOR

In this sub-section, the loss factors which can be incorporated into the blade element method are discussed.
Near the tip of the blades, there is a loss in circulation due to the finite effects. This is similar to a finite
wing, where, near the tip, the air flows from the region of higher pressure (lower surface) to the region of
lower pressure (upper surface). This generates a vortex, loss of lift near the tip, and induced drag for the
wing. To model this effect on propellers, the tip-loss correction factor initially developed by Prandtl can be
used [45]. This translates in a loss in circulation that depends on the radial position of the element that is
being considered, on its 2D aerodynamic characteristics (lift and drag polars) and on the effective incoming
velocity. As the circulation also affects the induced velocity at each element, an iterative approach is required.
The loss factor (Fjyss) can be defined as [45]:

2 fs
Fpss = —arccose /'? (2.20)
T
where fijp is:
B R-r
ip="7 2.21
ftlp 2 rsing ( )

R is the prop radius, and ¢ is the local inflow angle. This tip-loss however, can be considerable attenuated.
Similarly to the effect of winglets on wings, which lower the lift induced drag and the vortex generation near
the tips, a duct around a propeller can lower the flow of fluid from the pressure side of the blade to the suc-
tion side. This effect increases the loading near the blade tips, raising the effective disk area of the propeller.
For this effect, the gap between the duct and the propeller tips is extremely relevant. Larger gaps result in an
approximation of the system to the unducted prop case, with greater tip losses [36].

Besides the tip losses, a decrease in circulation also occurs at low radial locations, due to the proximity to
the hub. Indeed, the vortex shed from the hub results in a decrease in circulation of the nearby blade sections.
This effect can be modelled similarly to the tip-loss, if, in equation 2.20, f;p is substituted by:

B I — T'hub

2l 2.22
Jhub 2 Fsing (2.22)

where ry,p, is the hub’s radius.

2.1.3. SLIPSTREAM

In this subsection, greater insight is given into the slipstream of propellers. In section 2.1.1 it was already
referred that a propeller causes a static pressure jump on the flow, therefore causing an acceleration of the
flow upstream and downstream of the propeller. The increase in velocity is associated with a contraction
of the stream-tube, as there has to be conservation of the mass flow. The static pressure jump represents
a total pressure jump of equal value, since there is no change in flow velocity at the propeller. Upstream
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and downstream of the propeller, where the total pressure remains constant, Bernoulli’s equation has to be
satisfied:

p+1/2pv* + pgh = constant , (2.23)

where p is the static pressure, v is the fluid velocity, g is the acceleration of gravity and £ is the height, relating
to areference plane. The term pgh, however, can be neglected for the analysis of propeller slipstreams, where
it usually experiences very small variations.

This way, the change in pressure and in axial velocity along a propeller streamtube can be represented
as shown in Figure 2.3. From this Figure, it should also be noticed that the increase in axial velocity is V, at
the propeller, and 2V, far downstream, where the static pressure equals the freestream static pressure. In the
following Figure (2.4), it can be seen that the induced velocities at the propeller, V,; and V;, vary with radial
position. The value at each radial location greatly depends on the circulation over that element. Similarly, the
jump in static and, therefore, total pressures at the propeller is non-uniform.

0.05 0.25
- Valvmrvt/vm Apt/erApslqm

Figure 2.3: Increase in flow velocity, static and Figure 2.4: Schematic representation of the increased axial flow

total pressure across the stream-tube [59]. velocity, v, tangential flow velocity, v, static pressure, Aps, and
total pressure, Apy, at the propeller location depending on radial
position [59]. The propeller is represented on the left. v, and
v; are respresented with respect to the free-stream velocity, Voo,
and Aps and Ap; are represented with respect to the free-stream
dynamic pressure goo.

Furthermore, the slipstream of a propeller also has periodic unsteady characteristics. This is due to the
fact that the flow aft of the propeller varies depending on the instantaneous tangential distance to the blades,
which are rotating. However, in the limit situation of a propeller with an infinite number of blades, the slip-
stream can then be assumed to be axisymmetric. This is the case of a fan modelled as an actuator disk, which
causes a steady axisymmetric stream-tube, unless there is interference with other components. Li et al. stud-
ied the differences between the flow of a full propeller and an actuator disk model of the same propeller, in
order to validate their AD model [3]. The AD was modelled with a blade element and momentum theory
method (BEM) for determining induced velocities at the disk, as well as the corresponding pressure jump.
The results of the research indicated that the flow of the full blade simulation resembles the AD’s axisym-
metric flow from 1R downstream of the propeller [3]. However, this value might vary for different propellers,
inflow conditions, and power settings.

In this research, it is considered what is defined in [15] as a shrouded propeller: a propeller inside a shroud
of length lower or equal to the propeller diameter, in contrast to a longer duct or a fan entirely buried inside
the aircraft’s structure. This is also the case of, for example, the DUUC’s ducted propeller [22]. For this reason,
it was foreseen that the propeller’s unsteady slipstream would be present at a relatively large percentage of
the duct’s length. Therefore, it was expected that a full blade simulation of a propeller inside a shroud would
give more accurate results than an AD simulation.
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VORTICITY IN THE SLIPSTREAM
The slipstream of a propeller is also characterized by the vortices it contains. Vorticity can be defined as:

Wy
w=VxV=|o]. (2.24)

(7
Even though the vorticity generated by the propeller is an unsteady phenomenon, the vorticity pattern
in the slipstream is expected to be repeated periodically. This is due to the periodic nature of the propeller
blades’ rotation. In Figure 2.5, the axial components of vorticity in the slipstream of a 4-bladed propeller are
shown. Firstly, it is clear that the vorticity in the x direction is the only axis-symmetric component. Secondly,
the three vorticity components were found to have relatively similar magnitudes [59]. For a ducted propeller,
the characteristics of the vortices generated by the propeller were also expected to have an impact on the

performance of the system.

x-vorticity y-vorticity z-vorticity

Figure 2.5: Distributions of wy, wy and w, immediately aft of a 4-bladed propeller [59].

2.1.4. PROPELLER EFFICIENCY

This subsection aims at providing a better understanding of the propeller’s efficiency as a performance eval-
uation parameter. It is also compared with the thrust to power ratio, in order to understand which parameter
would be more relevant to the comparison of different systems, or distinct operating conditions.

The efficiency of a propeller was defined as the ratio between the useful power and the power provided
by the shaft (equation 2.5). It is also possible to calculate the Froude efficiency (nr) of a propeller propul-
sion system as the ratio between the useful power and the rate of increase in axial kinetic energy in the far
downstream slipstream [6]:

TV 1
M v s m (2.25)
Since, for propellers:
Vour = Voo +2Vq (2.26)
the Froude efficiency is given by:
nr= LV (2.27)
1+ %

From this Froude efficiency equation, it is possible to understand why it is assumed that a propulsive
system which produces thrust by giving a lower increase in velocity to a larger mass of fluid is more efficient.
Indeed, this is the reason why propeller systems are more efficient in their optimum operating conditions (i.e.
subsonic regime) than, for example, jet engines. Nevertheless, it is assumed by the author of this study that
efficiency as defined in equation 2.5 is more adequate to compare the performance of different prop systems
than the Froude efficiency, since it considers the actual power required from the engine, which is greater than
the power assumed in Froude’s efficiency equation due to losses (e.g. energy lost in increasing V;). However,
equation 2.5 can only be used if the rotational velocity and torque of the propeller are known.
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2.2. DUCT AERODYNAMIC EFFECTS

In this section, the aerodynamic impact of having a shroud around a propeller is assessed. This was done
based on the studies available in literature. However, the information found only refers to conventional cir-
cular ducts. Indeed, propeller ducts are widely defined as annular wings or circular airfoil rings (e.g. [6],
[15]). This further justifies the study of unconventional ducts. These can have structural and, in the case of a
propulsive empennage, control and stability benefits for an aircraft. However, it is expected that non circular
ducts would have a worse aerodynamic performance than conventional shrouds. An obvious reason for this
is the greater wetted area of a non-circular duct (e.g. square), when compared to a circular duct which per-
fectly fits the fan. A larger wetted area necessarily results in more viscous drag.

2.2.1. AIRFOIL RING

To understand the aerodynamics of ducts, first the isolated airfoil ring is considered. This has been vastly
investigated, not only motivated by ducted propeller applications, but also by the possibility of using it as a
primary lift generator for aircraft. The Bell X-22 aircraft combined both of these possible functions for annu-
lar wings (Figure 2.6).

Figure 2.6: Bell X-22 aircraft, which uses ring wings as propeller ducts, as well as primary lifting surfaces during cruise [11].

Ribner [20] studied the behaviour of the annular wing at an angle of attack. For this, lifting-line theory was
used. The results obtained were compared to the equivalent for a wing with a span (b) equal to the diameter
(D) of the duct, with one quarter of the ring’s area and with an elliptical lift distribution. It is interesting to
notice that the lift of the annular wing is the double of the lift of the flat wing, for equivalent inflow conditions.

Moreover, ring wings have also been studied experimentally, as it is the case of Fletcher’s experimental
campaign [19]. This campaign consisted of testing several circular ring wings with the same projected area
(Squct = Dc). These had, however, different aspect ratios, AR, ranging from 1/3 to 3. For ring wings, the
aspect ratio is defined as the ratio between the duct’s diameter (D) and its chord (c):

AR=Dl/c . (2.28)

One relevant conclusion made from Fletcher’s experiments was that the lift curve slope (Cr,) obtained for
the ducts was the double of the equivalent planar wing’s Cr, [19]. This matches with Ribner’s [20] theoretical
predictions. Furthermore, it was realised that the induced drag coefficient (Cp,) of the annular wings was
approximately:

__G
~ 2mAR
which had been estimated previously by another author, according to Fletcher [19]. This increase in induced
drag with Cy, is half of the increase for a planar wing with the same aspect ratio and with an elliptic lift distri-
bution. This is the optimum lift distribution for planar wings. Therefore, it indicates an advantage of annular
wings with respect to conventional planar wings. However, ring wings with the same projected area as a pla-
nar wing are expected to provide a greater zero-lift drag (Cp,), due to the larger wetted area. Indeed, the
greater Cp, of annular wings as been found to greatly offset their improvement in induced drag [35]. Traub
also refers that the Oswald factor (e) calculated from the performed experiments at low Reynolds number was
lower than the expected inviscid value (e = 2), but still greater than 1 [35]. The Oswald factor is extracted from
the equation for the lift induced drag:

Cp, , (2.29)
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__G
~ meAR

For this reason, Traub’s conclusions also suggest that an annular wing is more aerodynamically efficient
than a planar wing. However, Wan [61] also studied the lift and drag polars of an annular wing, reaching a
different conclusion. Wan considered the obtained e to be low when compared to flat wings, as the calculated
value was e = 0.4899.

Cp, (2.30)

After investigating the possible reasons for this divergence in results found in literature, it was understood
that the reference area considered on each study had a great influence. Indeed, most of the studies consider
the annular wing’s projected area for the lift and drag coefficients (such as Fletcher [19] and Traub [35]). In
turn, Wan [61] considers the wing surface area, which is 7 times larger. This difference invariable results in
very different calculated Oswald factors.

As an example, two rectangular wings are considered (wing A and wing B). These have the same symmet-
rical airfoils, the same aspect ratio and wing B has an area 2 times larger than wing A. If differences due to the
Reynolds number are neglected, wing B produces the double of the lift produced by wing A, while generating
the double of the zero-lift drag, the double of the lift induced drag and, therefore, the double of the total drag:

2Lp=Lg , 2Dg, =Dy, , (2.31)

2D, =Dy, 2D¢otaly = Drotaly (2.32)

considering an equal angle of attack and remaining inflow conditions. The same relations would be obtained
for the non-dimentional coefficients of these physical quantities, as long as each wing’s area is used for the
calculation of its coefficients:

La Ly
CL, = = Cp= (2.33)
GooSa GooSB
La L
C = = Cy, = , (234)
ba qooSA Ls qooSB

where ¢, is the free-stream dynamic pressure (G, = 1/2pV2). In this case, the lift coefficient curve slope
(Cr,) of each wing is also equal for both wings:

Cro, =CLoy, - (2.35)
The equation for the lift induced drag:
c? c?
Ly Lp
= = Cp., = 2.36
biy mes AR Dig meg AR ( )

also indicates that the Oswald factor is the same for the two wings (e4 = ep).

In a second case, all these aerodynamic coefficients are non-dimensionalised with the reference area
equal to the area of wing A (Sy.r = Sa). In this situation, the lift and drag coefficients of wing B will have
double the value of wing A’s coefficients:

LA LB
Cr,= , Crp= (2.37)
C]ooSA qooSA
LA LB
Cp,= , Crg= (2.38)
Pa oo Sa Ly CIooSA
and, therefore:
2C,=Cry , 2Cp,=Cpy , (2.39)

2Cp,, =Cp,, » 2Cp;, =Cp, . (2.40)
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Furthermore, the induced drag of wing B could be calculated from:

2

C 2C,)?

Lp Ly
Cp. = <=> Cp, =———— , 2.41
Dig = Zep AR Dig = Sep AR (24D

therefore:
c? c?

2Cp, =Cp, <=> La 4y 14 s (2.42)

‘A 'B mweaAR megAR
2ep=ep , (2.43)

indicating that the larger wing (B) would have a superior aerodynamic efficiency, as the Oswald factor cal-
culated is double the Oswald factor for wing A. If wings with elliptical lift distribution were considered, wing
A would have e4 = 1 and wing B eg = 2. This large ep is similar to the values estimated by other authors
for circular wings, when considering the wing’s projected area for the aerodynamic coefficients calculation.
However, it should not be assumed that the larger wing (B) has a superior aerodynamic performance than
the smaller wing A, just because of the Oswald factor determined. Moreover, with this reference area, the lift
coefficient curve slope would also be the double for wing B:

2Cy,, =Cr,, - (2.44)

In summary, the latter case with S,.r = S resulted in the double zero-lift drag coefficient for wing B, in
a double Oswald factor for wing B, and in a double lift coefficient curve slope for wing B. However, none of
the small wing (A) or the large wing (B) is better than the other, aerodynamically. It can only be said that one
wing is more suitable for a specific operating condition, when its lift to drag ratio is larger.

Similarly, from studies such as Fletcher’s [19] and Traub’s [35] it was estimated a largely superior Cp,, a
greater Oswald factor and higher lift coefficient curve slope for the annular wing when compared to a flat
wing with the same projected area, which was used as a reference area. Therefore, it should not be assumed
that the aerodynamic performance of an annular wing is superior to that of a flat wing, just because a higher
estimated Oswald factor indicates a lower lift induced drag of the annular wing. As it was demonstrated, the
Oswald factor calculation greatly depends on the reference area assumed. Indeed, Traub has considered the
larger zero-lift drag to greatly counteract the superior Oswald factor calculated. And, as it was referred, Wan
[61] concluded that the lift induced drag of circular wings was worst than for planar wings based on the low
Oswald factor obtained. This estimation was carried out considering the wing’s surface area as reference,
which is larger than the projected area.

2.2.2. FLOW INSIDE THE DUCT

For the performance of the propeller, it is relevant to understand how its inflow conditions inside a shroud
are different from the free-stream. These have been assumed to vary with the propeller location with respect
to the duct chord [15]. At the inlet of the duct, the flow is usually more similar to the free-stream conditions.
It is also expected to have a greater radial velocity variation due to the duct’s influence on the flow. On the
other side, if the propeller is located at half of the duct’s chord, it is expected to experience a more uniform
inflow [15].

The nature of the flow experienced by a propeller inside a circular airfoil ring was discussed by Kuche-
mann and Weber as well [6]. Limited importance was given to the radial variation of velocity due to the iso-
lated duct. However, the increment in axial velocity caused by the ring due to interference with the propeller
was found to vary largely with radial position. A non-dimensional parameter was defined:

=

where Vr is the axial velocity increase inside the annular wing. This parameter was then divided into two
components:

0 , (2.45)

5=060+61 , (2.46)
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where § reflects the axial velocity variation due to the annular wing alone, and §; is associated with the
variation in axial velocity due to the duct in the propeller flow. §; was found to vary proportionally to the
ratio between the axial induced velocity by the propeller at the prop disk and the free-stream velocity:

01 x K . (2.47)
This parameter also depends on the propeller position inside the duct. For this reason, it was estimated for
different prop locations: duct’s inlet, half chord and at the exit of the duct. The results are shown in Figure 2.7.
It is interesting to notice that 8, is radially more constant towards the ducts exit. When the fan is at a central
position, 9, is already almost uniform for the duct with a length (Lr) equal to half the diameter (aspect ratio
of 2). For the duct with an higher aspect ratio of 4, §, is shown to vary more, radially.
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Figure 2.7: Axial velocity increase at the duct (2 Vjiboo) with respect to radial position (r/R), for 3 different propeller positions. These are
the inlet (top-left), half duct chord (top-right) and at the duct’s exit (bottom) [6]. The results are shown for two ducts, with aspect ratios
of2 (Lp/D=0.5) and 4 (Lr/D = 0.25). The image was modified to include variables defined in this report, namely V; and V.

2.2.3. TIP LOSS REDUCTION

A very important phenomenon in ducted propellers is the end plate effect. This is caused by the shroud on
the blades, as long as the gap between both components is small enough. The end plate effect has a great
potential in improving the efficiency of propellers, thus it has been greatly studied (e.g. [36], [42], [7]). This
effect causes the circulation over the blades to not decrease towards the tips, or at least allows this loss to be
lowered. The blade tip vortices, associated with the lift-induced drag component, are also reduced due to this
effect. Similarly, the winglets on aircraft wings cause the wingtip vortices to be weaker, and the lift induced

drag to be lower.

Williams et al. performed estimations of ducted propellers based on a three-dimensional (3D) lifting-
surface method [36]. During the validation process, it was concluded that their static performance calcula-
tions gave similar results to those of a 3D Euler method, which is computationally more expensive. In Figure
2.8 the calculated radial thrust distributions along the blade can be seen. The cases presented are for an
unducted propeller, ducted propeller with 0 gap, propeller with a tip device (also 0 gap) and a ducted prop
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with a gap equal to 0.02 R, or 1% of the fan diameter. The tip device is basically a truncated duct, with only a
short duct portion left, the panels adjacent to the blade tips. Since the results for the duct with 0 gap and for
the tip device case were similar, it was concluded that the major influence of the duct on the blades is due to
duct’s most nearby components. Therefore, the rest of the shroud has a small influence on the blade’s loading.
Comparing with the isolated propeller case, it can be understood that the duct provokes a large increase in
the blades’ circulation, but only near the tips. Indeed, this effect is only significant for r > 0.75. For the 0.02R
gap case, the increase in thrust towards the tip is also present, even though this effect is considerably lower
than for the 0 gap shrouded prop. Thus, the results indicate that the tip loss reduction effectiveness decreases
rapidly with increasing blade - duct gap. The authors also refer that the usual gap for ducted propellers is
about 0.15%D, however this value could have let to inaccurate results with the used method [36].

25

ducted(gap/R=0.)
%  tip device(gap/R=0.,width/R=0.2)
«ene ducted(gap/R=0.02)
« unducted(gap/R=c)

Free Stream Mach No.=0.7|
No. of Blades=8(SR7)

Advance Ratio=3.1
B3u=60.2"

dCrldr

05F

1 1 1 1 L 1 1 1 1
¢ 01 02 03 04 05 06 07 08 09
riR

Figure 2.8: Sectional thrust coefficient radial distribution for an unducted propeller, a
ducted prop with a blade tip to duct surface gap of 0.02 R, a ducted prop without a gap
and a propeller with a tip device [36]. The propeller considered had 8 blades, a pitch
angle of 60.2° and was operating at 0.7 Mach number and at J = 3.1.

With unconventional duct shapes, such as a square case, it was quite uncertain how the end plate effect
would affect the system’s performance. Due to the shape of this shroud, each blade sees great periodical tip
clearance variations. Near the duct’s corner, the gap between blade and duct is at a maximum, whereas at the
midpoint of each side of the square, the gap to the propeller disk is minimum. This is illustrated in Figure 2.9.
In Figure 2.10 it is represented a circular duct, where the propeller-duct gap is constant along the propeller
disk.

2.2.4. DUCT THRUST

One aerodynamic phenomenon that greatly affects the performance of shrouded propellers is the thrust pro-
duced at the duct itself. At the leading edge region, the shroud feels a lower pressure, in contrast to the higher
pressure at the trailing region of the duct. The major reason for this lower pressure is the effective angle of
attack (or side slip) experienced by the duct’s lip. This effective angle with the flow is caused by the slipstream
contraction due to the propeller. The flow contraction is different between ducted and isolated propellers,
since the flow only contracts outside the duct. Due to the dependence of the duct’s thrust on slipstream con-
traction, this thrust is usually greatest for static conditions. Indeed, the slipstream contraction for a given
propeller loading is highest at V, = 0. To reach the same contraction at larger free-stream velocities, the pro-
peller has to operate at a greater power loading.

Black et al. investigated the thrust produced by the duct of a shrouded propeller system [7]. In the wind
tunnel, the pressure was measured along a shroud in order to calculate the forces at each location of the sur-
face. This way, it was possible to understand where the pressure thrust or drag forces are generated. The
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Small
gap

Figure 2.9: Square duct with a propeller disk. It is in-
dicated a point of lower gap, and a location of highest
gap, near the duct’s corner.

Constant
small gap

Figure 2.10: Circular duct representation. It is shown
that, for this configuration, the gap between the blade
tips and the duct is constant.

results can be seen in Figure 2.11. In this Figure, the magnitude and direction of the arrows represent, respec-
tively, the absolute value of the static pressure at thatlocation subtracted by the ambient pressure, and its sign
(positive or negative). It is important to refer that this experiment was performed at a very low Mach number
(M=0.05). This way, it was possible to achieve a large slipstream contraction and, therefore, a considerable
thrust at the duct. As it can be seen, most thrust is produced at locations I and II of the duct (near the leading
edge), whereas a pressure drag was obtained at III. For comparison, the viscous drag was also estimated dur-
ing this experiment. The value obtained was 5% of the duct thrust calculated at these conditions [7].
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Figure 2.11: Pressure distribution along a duct’s section, with area ratio of 1.3 [7].

Furthermore, Black et al. also concluded that the most critical parameter for the design of ducted pro-
pellers is the ratio between the cross sectional area of the duct at the trailing edge and the cross sectional area
of the duct at the propeller location [7]. Black et al. found that larger area ratios are desired for situations in
which the slipstream contraction is larger, in order to maximise the thrust produced by the duct. However,
at higher Mach numbers, when slipstream contraction is low, the performance of the propulsion system is
better for ducts with lower area ratios. As an example, at M = 0.5 the duct with Ag exir/ Ag,prop = 1.3 showed
a decrease in thrust of 50% when compared to the duct with Ag oxir/ Ag prop = 1.1 [7].

2.2.5. CORNER FLOW

When considering quadrangular ducts, it is expected that aerodynamic effects typical of corner flows are
going to be encountered. These were studied, for example, by Rubin and Grossman [44] with a numerical
approach. In a corner region, the boundary layer of the flow has 3D characteristics, and therefore differs from
what can be calculated with 2D boundary layer theory [43]. The two regions, of 3D flow and approximately
2D flow near a corner, are represented in Figure 2.12. Figure 2.13 shows the lines of constant axial velocity in
the vicinity of a corner. Since near the corner these are further away from the surface, it can be concluded
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that the boundary layer (BL) thickness in larger when one moves closer to the corner. This phenomenon is
also expected to happen for the corners of a square duct.

Moreover, the skin friction near a corner was also estimated by Rubin and Grossman [44]. Along with
a higher boundary layer thickness, it was calculated a lower skin friction at the corner layer. In fact, this
was used to differentiate the corner layer from the 2D boundary layer. It was defined that the corner layer
extended until the skin friction reaches 99% of the value for a two-dimensional BL. The secondary flows near
a corner were also represented (Figure 2.15). In this image sketched accordingly to the numerical solution, it is
interesting to notice that there is a "swirling flow in the corner but a closed vortical pattern is not established"
[44]. During this thesis, the results were also evaluated in order to understand if a similar flow pattern was
present near the corners of the square duct, for the different simulations.
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Figure 2.12: Representation of the region with a corner layer Figure 2.13: Representation of the lines of constant axial veloc-
(3D flow) and with a 2D boundary layer [44]. ity in the vicinity of the corner. In this image, U/ Uy is the ratio
of axial velocity to free-stream axial velocity [44].
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2.3. SUMMARY

In this chapter, it was provided the necessary theoretical background to understand the relevant aerodynamic
phenomena that occur in isolated or ducted fans. Moreover, several aerodynamic advantages of propeller
shrouds were identified:

* Shielding of the propeller from unfavourable exterior flow conditions. As discussed in section 2.2.2, the
flow inside the duct tends to get oriented with the duct’s central axis. In this way, the effective angle
of attack of the flow inside a duct is expected to be lower, in module, than the angle of attack of the
duct. This phenomenon can also protect the performance of the fan, when the propulsive system is
operating under the influence of wind gusts.

* Propeller tip loss reduction, discussed in section 2.2.3. Ducts were found to lower the vortices generated
at the propeller tips, this way increasing the thrust production by the blade sections at relatively high
radius.

* Production of thrust at the duct, discussed in section 2.2.4. At high slipstream contractions, it was found
that propeller shrouds are capable of producing thrust. This is due to a change of the effective angle of
attack of the duct sections, which results in very low pressures at the duct’s lip. However, at high Mach
number it is difficult for a fan to provoke a high slipstream contraction of the flow. Therefore, at high
Mach number it is expected that the duct produces drag instead of thrust.

Besides, it can also identified which phenomena should be expected to cause differences between a con-
ventional circular ducted propeller and a fan shielded by a square shroud:

* Differences in axial velocity of the flow at the fan location. If one of the ducts causes the velocity at the
fan location to be higher, this would cause the effective a of the blade sections to be lower (see image
2.2). The blade sections would then produce a lower thrust.

* The propeller tip loss reduction was also expected to be different for both ducts. This is due to the fact
that this effect greatly depends on the tip clearance of the blades. As it was previously discussed, the tip
clearance sees large variations in a square duct.

* The production of thrust at the duct’s lip could also be different for each shroud. Indeed, the capabilities
of the square duct to produce thrust were quite uncertain, even for high slipstream contractions.

* Effect of the corner flow at the corners of the square duct. The corners of the unconventional duct were
expected to develop a flow characteristic of corner layers (discussed in section 2.2.5). However, it was
uncertain how this effect would influence the overall performance of the system.
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NUMERICAL MODELLING

In this chapter, the numerical method used for this thesis’ simulations is introduced. In this way; it is firstly
explained why computational fluid dynamics was used in the research (section 3.1). Secondly, the choice of
the governing equations is discussed (section 3.2). Since the Reynolds-averaged Navier-Stokes (RANS) equa-
tions were used, it was also necessary to choose an appropriate turbulence model (section 3.3). Afterwards,
the boundary conditions used are also explained (section 4.4). Moreover, the actuator disk model used is
introduced as well (section 3.5).

3.1. WHY COMPUTATIONAL FLUID DYNAMICS?

For the choice of the aerodynamic analyses method, it was intended to allow the investigation to capture
several phenomenon. These include viscous effects, interference between components, and unsteady phe-
nomena as well. Therefore, simpler computational methods than CFD such as panel methods, simple BEM
theory or vortex lattice methods (as used by AVL program) are unable to capture all the expected phenomena.
As an example, the comparison done in [36], between Euler computations and 3D lifting-surface method esti-
mations, shows that low order methods (both inviscid in this case) can give different results when simulating
ducted propellers. Therefore, the study from Williams et al. [36] suggests that a higher order analyse could be
beneficial for this thesis. Viscous simulations are possible with CFD.

Successful examples of the use of CFD for the study of propellers or ducts are numerous. For instance, in
[56], [52] or [50], this can be seen for propellers. Cases of ducts simulated in CFD without a propeller can be
seen in [29], [21], or [48]. Moreover, full ducted propeller models have been investigated in [9] (ducted prop-
fan) or [46]. Furthermore, Hameeteman [21] also simulated ducted propellers with the propeller represented
as an actuator disk. Using an AD to simplify the problem allows for a great saving in computational costs.
However, the performance of the propeller itself is independent of the operating conditions or any interfer-
ence effects, if modelled as a simple actuator disk.

The simulations which were performed in this thesis could also be carried out with experiments in a wind
tunnel. However, this research is a very fundamental study on the aerodynamic effects which occur on the
different ducted systems. Therefore, it was intended to capture the characteristics of the flow on a very wide
range of locations. These include the flow over the blades, over the duct sections, secondary flows inside
the duct, and also on several planes (perpendicular to the free-stream velocity) upstream and downstream
of the propeller. Capturing all of the aerodynamic phenomena which was obtained with CFD could be very
difficult with experiments. Even though state-of-the-art flow measurement methods such as particle image
velocimetry (PIV) can also provide accurate and complete data, it would still be difficult to capture all the
phenomena which occurs inside the ducts. Indeed, one of the drawbacks of PIV is the need for optical access
to the measurement location. Similarly, it would be difficult to capture the flowfield inside the duct with
Laser Doppler Velocimetry (LDV) measurements, due to the challenging optical access. On the other hand,
pressure measurements or hot wire anemometry (HWA) could be used to obtain the velocity field inside the
duct. However, these two measurement techniques have the disadvantage of being intrusive, and could alter
the characteristics of the flow inside the shroud. Still, based on the results of the CFD simulations, it would be
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interesting to validate them with an experimental campaign. Simple balance measurements would already
provide important data for validation.

3.2. GOVERNING EQUATIONS

The CFD simulations performed during this research were based on the solution of Reynolds-averaged Navier-
—Stokes (RANS) equations. For the choice of the governing flow equations, it was taken into consideration the
fact that viscous effects should be present in the simulations. Indeed, the characteristics of boundary layers
(BL) of the different geometries were expected to have an impact on the overall performance of each shrouded
propeller configuration. In particular, each duct boundary layer was expected to have a direct impact on the
viscous drag of the duct, and also an influence over the propeller’s loading distribution. This is due to the fact
that the blade tips, when shrouded, rotate through the duct’s boundary layer (in the configurations consid-
ered). As an example, Black et al. [7] attributed an unexpected trend in ducted propeller performance, for
varying blade tip clearance, to "interaction between the shroud boundary layer and the propeller blade tips".
Black et. al studied ducted propellers experimentally. In this way, it is clear that it is advantageous to use
RANS equations for investigating ducted propellers, in comparison to Euler equations (inviscid).

In CFD, there are also more accurate methods for calculating viscous flows than RANS. Examples are
Large Eddy Simulations (LES) and Direct Numerical Simulations (DNS). However, these methods would have
been too expensive (computationally) for the present research. The large number of cell elements required
by these two methods causes a great increase in computational time. As an example, Krajnovi¢ and Davidson
[31] studied a simplified car model with LES. From their study, it was understood that the use of LES to esti-
mate drag or lift on a ground vehicle was not yet possible, due to the large amount of cells needed near the
walls [31].

Moreover, the flow (air) was assumed to be an ideal gas during the research. In this way, compressibility
effects were taken into account in the simulations. Assuming air the be an ideal gas, the following relation
applies to the fluid:

p:pRT ) 3.1

where p is static pressure, R is the specific gas constant and T is the static temperature.

3.3. TURBULENCE MODELLING

When using RANS equations to describe the flow, it is necessary to choose an appropriate turbulence model.
During this research, the two equation k —w shear-stress transport (SST) model was used. The eddy-viscosity
k — o SST model was developed by Menter [16], combining advantages of what were considered to be the
best eddy-viscosity models: k —w and k —e. In these models, k stands for the turbulent kinetic energy, w is
the specific dissipation rate, and ¢ is the rate of dissipation of turbulent kinetic energy. However, Menter’s
model works with the k —e model in a k — w formulation. In this way, the k — » SST model uses the k- w
model in the inner layer of boundary layers, and the k — ¢ in the outer wake region of boundary layers. The
inner layer includes the viscous sub-layer (closer to the wall) and the log-law layer, extending until 10% of the
boundary layer hight [56]. Far from no-slip boundaries, in free-shear layers, the k—w SST model also uses the
k —e original model. Furthermore, Menter’s model features a shear stress correction, assuming that the shear
stress is proportional to k in boundary layers. This results in a different formulation of the eddy-viscosity
near no-slip walls, whereas outside boundary layers the original k —w model’s expression to calculate eddy
viscosity is used:

k
Ve=—, 3.2)
w

where v; is the eddy-viscosity.
In this way, the k — w SST model has a series of advantages with respect to the original k —w and k—¢
models [16]:

* The boundary layer flow is captured with the accuracy of the k — w model, where it is superior to the
k — €. In this thesis, since it was expected that the propeller blades would pass through the BL of the
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ducts, it was concluded that it would be important to have an accurate simulation of the boundary
layers.

* The flow in the boundary layer and in free shear layers has a relatively low dependence on the free-
stream values of k and w chosen (ko and w). In fact, the high dependence on the k., and wq, values
is a strong disadvantage of the k — w model with respect to k —e.

* With the shear stress transport correction in boundary layers, the k —w SST model performs well when
calculating flows with a strong adverse pressure gradient. This causes improvements in predicting sep-
aration due to adverse pressure gradients and also the resulting flowfield. For the simulations of this
thesis, is was intended to capture accurately the flowfield around the ducts, in spite of the strong pres-
sure jump that occurs inside the ducts due to the propeller. Indeed, strong adverse pressure gradients
were captured at the duct surfaces due to the presence of the propeller.

Besides the expected advantages of the k — w SST model with respect to other eddy-viscosity models, it
is also important to consider its applicability to propeller simulations. Indeed, the turbulence model has al-
ready been used in several propeller research studies [4, 14, 34, 39]. Moreover, Menter’s model has been used
for studying ducted propeller systems, with the propeller modelled as a pressure jump [32]. Bardina also
compared several eddy-viscosity models in a validation study [26]: k—¢€, k —w, k —w SST, and the Spalart-
Allmaras (SA) one equation model. These models were compared for a series of test cases, including simple
free-shear flows, and also complex flows where flow separation should be predicted. From this study, Menter’s
SST model was concluded to be the most accurate overall, mainly due to the better prediction of separation
in complex flows [26]. However, Bardina also refers that none of these turbulence models is capable of pre-
dicting reattachment flows accurately. Moreover, Stokkermans also did a validation study comparing the SA
model with the k —w SST model for propeller flows [51]. Over one propeller diameter downstream of the fan,
it was found a higher numerical diffusion in the vortex cores for the k — w SST model, indicating that the SA
model was superior in this aspect. In the study, it was also concluded that the SA model predicted separation
better on a wing downstream of the propeller. Therefore, even though Menter’s SST model is often indicated
(e.g. by [16, 26]) as the most appropriate eddy-viscosity model for a wide variety of flows, it should be kept in
mind that the k —w SST model also has its own limitations.

3.4. BOUNDARY CONDITIONS

In this section, the boundary conditions (BC) used for the simulations are described. The free-stream values
imposed at these boundaries are also justified, in subsection 4.6. For a clear indication of the location where
each boundary condition was applied, section 4.4 should be consulted. In this thesis, several types of BC were
used:

* The inlet boundaries of the different domains were defined as pressure-inlets. In this way, a gauge total
pressure, a total temperature, a gauge static pressure, and the values of k and w were set [17]. Moreover,
the direction of the flow was also fixed to be the axial direction, since the free-stream angle of attack of
the flow was kept at 0°. The conditions set at the inlets pose a limitation to the characterization of the
flowfield. Indeed, in subsonic flows there is an influence of the bodies in the upstream flow, meaning
that the static pressure and direction of the flow should be slightly different from the free-stream values
at the defined location of the inlets. To reduce the influence of this condition in the calculated flowfield,
the inlets are located relatively far upstream from the bodies.

* The far-field boundaries were defined as pressure far-fields. Therefore, the gauge static pressure, the
Mach number, the static temperature and the flow direction were fixed [17]. Therefore, similarly to the
inlets, the far-field boundaries had to be placed far from the bodies. Otherwise, the propeller or duct
being simulated would suffer from a blockage effect, identically to what happens in closed wind tunnel
experiments.

* The outlets were defined to be pressure-outlets. At these boundaries, a gauge static pressure and back-
flow conditions are set [17]. Thus, the outlets have to be located sufficiently downstream, so that the
static pressure of the flow has returned to the free-stream values. The backflow conditions were set to
be the free-stream values of the required quantities. However, since in none of the simulations the flow
had a reversed direction at the outlet, these conditions did not influence the obtained solutions.
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¢ In the 2D axisymmetric simulation of the circular duct (also called ring wing), the flow was defined to
be axisymmetric with respect to the central axis of the duct. This condition impedes the flow to have
tangential gradients. For the isolated ring wing at a = 0°, it was expected that the spanwise movement
of the flow would be very low. For this reason, the assumption of axisymmetry was considered to be
appropriate. However, this condition would not hold for a different angle of attack of the duct.

* Symmetry boundary conditions where used on the simulation of the isolated circular and square ducts.
In this way, it was possible to run simulations with one quarter of each duct only. Thus, the overall size
of the domain and mesh were also reduced to one quarter, decreasing the computational cost of the
simulations. In the symmetry planes, the solver enforces the normal velocity component to be zero,
as well as the normal gradients of the variables calculated [17]. As an example, Werle [37] also used
symmetry boundary conditions for the CFD simulation of ring wing ducts.

* Periodic boundary conditions were used on the simulations involving a propeller or actuator disk. Sim-
ilarly to the symmetry condition, the periodic boundaries were used to reduce the domain to one quar-
ter of the full domain, saving computational costs. Indeed, it was possible to simulate a 4 bladed pro-
peller using only one blade. At a periodic boundary, the solver assumes its cells to be adjacent to the
cells at the other corresponding periodic boundary [17].

* No-slip wall boundary conditions were applied in most body surfaces. These include the propeller
blade, spinner and duct surfaces. In this way, velocity components are assumed to be zero at the walls,
and a boundary layer is formed.

¢ Free-slip wall boundary conditions were also used. The condition was defined by setting the shear at
the walls to zero. A free-slip wall implies that the flow velocity normal to the wall is zero, while no
restriction is made to the tangential components of velocity. With a free-slip wall, no boundary layer is
formed at the specific surface.

Besides the above boundary conditions, it is also important to refer that the propeller was modelled in a
different domain than the stationary components, in the same simulation. On the contact surface between
two domains, interface boundary conditions were applied. In this way, two different methods were used to
model the movement of the blades, with respect to the stationary frame of reference:

* Multiple reference frame (MRF) method. The MRF method was used in the steady simulations of the
propeller. With this method, the flow in the propeller domain is considered to be rotating, and the fan
blades are considered to be stationary with respect to a rotating frame of reference. The MRF method
was used to simulate the isolated propeller, and also to obtain an initial solution for the propeller un-
steady simulations. The usage of the MRF method results in large savings in terms of computational
time.

¢ Sliding mesh method. The sliding mesh method was used to perform unsteady simulations with the
rotating propeller. This method is capable of capturing the unsteady interaction between moving and
stationary components more accurately than the MRF method, with the drawback of resulting in much
higher computational costs [18].

3.5. ACTUATOR DISK MODEL

An actuator disk model was used to simulate the propeller with lower computational costs, before the final full
blade model simulations. The actuator disk model used was developed by Tom Stokkermans, at TU Delft, to
be used as a user defined function in ANSYS Fluent. The AD model has been previously subject to a validation
study by Stokkermans et al. [51], for a wingtip mounted propeller set-up. The model requires the input of the
radial thrust (T'(r)) and torque (Q'(r)) distributions over a propeller blade, along with the number of blades.
The distributions were obtained previously from isolated propeller simulations. Therefore, this approach has
the disadvantage that the AD does not depend on the specific flow conditions where it is inserted, in this
case on the flowfield inside each duct. With the thrust and torque distributions, the model calculates the
momentum and energy sources which should be added to the flow at each cell. The sources depend on the
cell’s radial position, since thrust and torque vary along the blade’s radius, and also in the axial position. The
sources vary in the disk’s axial direction according to a Gaussian distribution, which is adjusted to the specific
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cell size of the mesh at the AD location. In this way, the momentum and energy source terms can be defined
as [61]:

/

F(x,1) :nx(x)ne(r)(T’ﬁT+ QTﬁQ) (3.3)

S(x,7) =nx(X)ne(rE-V,

being F the momentum source term vector, per unit volume, and S is the energy source term, per unit time
and volume. V is the local velocity vector. 77 is a unit vector normal to the disk plane, in the direction
opposite to the thrust direction. 7ig is a unit vector in the actuator disk plane, with the direction of the external
product between the radial unit vector (é,) and torque (@): é, x G Furthermore, 7y is the regularization
function which distributes the sources in the axial direction, according to a Gaussian distribution [51]:

1 _(m)z
nx(x)=me e, (3.4)

where € is a constant which is used to adjust the distribution of sources in the axial direction to the local cell
size. 1y is a function which takes into account the number of blades (B) and the perimeter of the AD at each
radial position (r) [51]:

no(r) = — . 3.5)

Figure 3.1 gives a more clear representation of the variables involved in the modelling of the actuator disk.
Besides the variables referred above, ©; and 6 are also shown, which are the azimuthal location of a blade,
and the azimuthal location of a given cell, respectively.

blade b

(a) Propeller representation (b) Actuator disk representation.

Figure 3.1: Representation of the variables used in the modelling of the actuator disk [51].

3.6. DISCUSSION

The aerodynamic simulations carried out during the thesis attempted to perform flowfield estimations with
high accuracy. However, these simulations also bear several limitations. The finite computational power
available lead to a need for a trade-off between accuracy and computational costs of the different simulations.
Examples of the approximations made in the CFD simulations are the use of RANS equations to describe
the flowfield, the characterization of boundary layers by the turbulence model, the flow conditions imposed
at the boundaries, and the actuator disk model used to model the effect of the propeller in the flowfield.
Moreover, there are also sources of numerical error in CFD simulations, which further decrease the accuracy
of the calculations. The numerical error present in the thesis’s simulations is discussed in the next chapter,
along with further details on the specific approach that was taken to make the best use of CFD in the research.






COMPUTATIONAL APPROACH

With this chapter, it is intended to explain the specific approach that was taken for the numerical study of
ducted propellers in this thesis. Thus, it is first stated which software packages were used (section 4.1). It
is considered that the computational process starts with the definition and creation of the geometries (dis-
cussed in section 4.2), before the delineation of the test matrix (section 4.3). Then, the work moves to the
creation of the computational domains (shown in section 4.4), and then to the generation of the grids, whose
main features are discussed in section 4.5. The operating conditions defined in the simulations’ setup are
explained in section 4.6. It is also important to access the numerical error of the calculations, how the ap-
proach taken can influence this error, and how it was quantified. The different sources of numerical error in
the simulations are examined in section 4.7.

4.1. SOFTWARE

Throughout the thesis, several software packages were used with the purpose of preparing, running, and
analysing CFD simulations. The first task in a CFD study is to define the geometry and computational domain
to be used in the simulations. For each new geometry, this step was performed using SolidWorks, a computer-
aided design (CAD) software, and ANSYS DesignModeler. Afterwards, it is necessary to generate the mesh
over the computational domain. This step was performed with ANSYS Meshing. This software had been
previously used to generate meshes for propeller simulations at TU Delft (e.g. [56], [51]). Subsequently, each
mesh was imported to the solver ANSYS Fluent. When choosing the CFD solver, it was taken into account the
fact that an actuator disk (AD) model had already been developed in TU Delft for ANSYS Fluent. The actuator
disk model is described with more detail in section 3.5. The simulation results were then post-processed with
ANSYS CFD-Post and Tecplot 360.

4.2. GEOMETRIES

In this section, it is given a description of the different bodies simulated in CFD. The main decisions involved
in the design of the geometries are also discussed. As it was previously referred, the geometries were edited
with SolidWorks CAD software and ANSYS DesignModeler.

4.2.1. CIRCULAR DUCT

The circular duct is the reference duct geometry studied in this thesis. A circular duct is often called ring wing
in literature (e.g. by [37]). This is due to the fact that a ring wing is simply a wing airfoil revolved 360° around
the center of the ring, even though more complex ring wing designs can involve a varying airfoil shape (e.g.
as studied in [40]). In this way, there were two main design choices which had to be made with respect to
the geometry of the circular duct: the airfoil shape and the duct’s aspect ratio (defined as diameter to chord
ratio). Since this duct was meant to be studied as a reference case, it was decided that a relatively simple ge-
ometry should be used. Furthermore, it should be a case already studied in literature, so that the results can
be validated. In this way, it was decided to use a NACA0012 airfoil shape on the ring wing. This is a symmetric
airfoil, with 12% thickness to chord ratio. The thickest point of the airfoil is at 30% of the chord. Information
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about the aerodynamic performance of the NACA0012 airfoil has been available in literature for a long time
(e.g. in [10]). Moreover, it was chosen an aspect ratio of 2 for the duct. This AR is within the range of aspect
ratios tested by, for example, Black et al. [7] in a ducted propellers performance investigation. Furthermore,
the specific case of an isolated NACA0012 ring wing with AR = 2 has been studied previously by Traub [35]
(experimental study) and Kanoria and Damodaran [28] (numerical study). Additionally, the DUUC aircraft
(shown in figure 1.1) also uses a NACA0012 ring wing with AR =2 [22]. Thus, the results from this thesis can
also be used to gain further understanding on DUUC’s propulsive system.

Besides defining the duct’s airfoil and AR, it was also necessary to specify its chord. The duct’s chord was
calculated in order to result in the desired tip clearance between the blade tips and the duct surface. The tip
clearance, or gap between blade tips and duct, was chosen to be 0.3% of the fan’s radius. This is an usual tip
clearance in shrouded propellers [36]. The propeller’s radius was kept the same as the original radius of a
propeller geometry available - the Xprop (which is further discussed in section 4.2.3). In this way, the duct’s
chord was calculated to be ¢4, = 0.216956m. With an aspect ratio of 2, the diameter of the duct was deter-
mined to be: d = AR x ¢4y = 0.433912m. It is important to refer that the diameter of the duct was defined at
the ring wing’s leading edge, being therefore slightly smaller than the outer diameter of the duct at its thickest
point. The final CAD model of the conventional circular duct can be visualised in Figure 4.1.

(a) Circular duct - front view. (b) Circular duct - isometric view.

Figure 4.1: Images of the (conventional) circular duct CAD model.

4.2.2. SQUARE DUCT

The square (or quadrangular) duct is the unconventional shroud geometry studied in this thesis. For a bet-
ter understanding of the aerodynamic phenomena caused by this shroud (either isolated or by interference
with other components), it was designed as close as possible to the model of the reference circular duct. In
this way, the square duct is also an extrusion of the NACA0012 airfoil, and has an aspect ratio of 2. For the
quadrangular duct, the aspect ratio (ARy) is defined as the side of the square (L) divided by its chord:

L

Cduct

ARy = (4.1)

Similarly to the definition of diameter for the circular duct, the side of the square duct was measured at the
leading edge of the geometry. In this way, the minimum tip clearance of the propeller inside the square duct
is also 0.3% of the propeller’s radius.

The final CAD model of the square duct can be seen in Figure 4.2. It can be seen that the corners of the
duct are slightly rounded. The corners were rounded to allow for easier computation of the flow at this lo-
cation, by the solver. If, instead, the angle between each side of the duct was exactly 90°, it would be more
difficult to achieve convergence of the CFD simulations. The corners were rounded so that the lowest radius
of curvature at the corner would be 1% of the propeller radius. As it can be seen in Figure 4.2b, the lowest
curvature of the corners happens at the point of higher thickness of the airfoil section (at 30% chord), at the
duct’s inner surface.
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(a) Square duct - front view. (b) Square duct - isometric view.

Figure 4.2: Images of the (unconventional) square duct CAD model.

4.2.3. PROPELLER

For the choice of the propeller geometry, firstly the main requirements were set. These requirements were
similar to those defined for the choice of the circular ducts’ geometry: the aerodynamic performance of the
isolated propeller should have been studied before, so that the simulations could be validated; and the flow
around the isolated propeller should be simple enough that it does not overcomplicate the understanding
of the interaction effects between propeller and the different ducts. Moreover, a CAD model of the propeller
should be available, so that the validation process could be done with lower differences between the model
investigated in this thesis, and the previously studied model. In this way, it was decided to use the propeller
Xprop, which had been previously studied experimentally at TU Delft. The Xprop was preferred to the pro-
peller PROWIM, studied e.g. in [8, 51], since the PROWIM usually has a separated flow region near the root
of the blades. This separated flow would in fact make the propeller flowfield more complex than it would be
desired.

However, the final propeller CAD model had a major difference with respect to the original Xprop geom-
etry. Whereas the original Xprop had 6 blades, the number of blades was reduced to 4, for this thesis. The
reason behind this modification has to do with the periodic boundary conditions used in CFD simulations
with the propeller. With periodic boundary conditions, it is possible to reduce the propeller CFD domain,
so that it includes only 1 blade. If a 6 bladed propeller is used, this means that a 60° domain can be used,
instead of a 360° domain. If a 4 bladed propeller is used, it is possible to simulate the propeller with a 90°
domain. Since it was intended to simulate the propeller inside two different ducts, it is also necessary to take
into account the constraints imposed by the ducts. Whereas the circular duct can be simulated with any an-
gle between the periodic boundaries, the computational domain of the square duct can only be effectively
reduced with periodic boundaries if the angle between periodic BC is either 90° or 180°. Therefore, a sim-
ulation of a 6 bladed propeller inside a square duct would have to be made in a 180° domain, which would
include 3 blades and half the duct. This domain and mesh would be significantly larger than the 90° domain
used in this thesis to simulate one quarter of the square duct with one propeller blade. The main drawback of
this modification in number of blades was that the validation process for the isolated propeller simulations
became more complicated. The uncertainty relative to the validation also increased. This validation process
is further discussed in section 6.1.4.

The 4 bladed version of the Xprop’s CAD model can be seen in Figure 4.3. It is also important to refer that
the propeller’s radius is R, = 0.2032m (R, = 0.94¢4,.,), and that the pitch of the blade section at 0.7Ry, is 30°,
in this CAD model. The pitch of the propeller was kept constant throughout the thesis.

4.2.4, INSTALLED PROPELLER CONFIGURATIONS

In this section, the CAD models relative to the installed configurations are shown (Figure 4.4). The circular
ducted configuration is shown in Figures 4.4a and 4.4b, whereas the quadrangular duct can be seen in Figures
4.4c and 4.4d. As it was previously referred, the ducts were designed so that the minimum tip clearance
between propeller and ducts would be 0.3% of the Xprop radius. It was considered that the propeller’s axial
position would be at 30% duct chord (at the shroud’s thickest point). Examining Figures 4.4a and 4.4c of the
front view of the ducted systems, it becomes once again clear that the tip clearance is constant for the circular
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(a) Xprop - front view. (b) Xprop - side view.

Figure 4.3: Images of the 4 bladed Xprop CAD model.

duct case, but changes significantly for the square duct case. In fact, the maximum tip clearance of the blades
inside the square shroud is approximately 29.6% of the propeller radius. This variation in tip clearance was
already expected to influence the peformance of the system, and was one of the focus of the research. It
is also important to refer that the simulations of the two ducts with the actuator disk model included the
nacelle of the propeller, which is seen in Figure 4.4, even though the propeller blades were not modelled. The
differences between the computational domains of the AD and propeller installed configurations are further
discussed in section 4.4.

(a) Circular ducted Xprop - front view. (b) Circular ducted Xprop - isometric view.

~

(c) Square ducted Xprop - front view. (d) Square ducted Xprop - isometric view.

Figure 4.4: Images of the 4 bladed Xprop CAD model.

4.3. TEST MATRIX

After having described the different geometries studied in the thesis, it is relevant to discuss the steps taken
for the investigation of their aerodynamic performance. Each step consisted of a series of CFD simulations.
For ordering the different case studies, it was taken into account the fact that the complexity of the simula-
tions should grow with the author’s learning curve, in terms of CFD application. Moreover, simulating the
simplest cases first, also makes it easier to understand the calculated flowfields as their complexity grows (in
terms of superimposed or interacting aerodynamic phenomena). Beside these considerations, the only ma-
jor constraint in therms of ordering the computations was the fact that the isolated propeller simulations had
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to be done before the simulations with the actuator disk model. As it was previously discussed (section 3.5),
the AD model requires the input of the radial thrust and torque distributions for the propeller blades, which
were obtained from the isolated Xprop simulations.

With the above considerations in mind, it was decided to start the numerical research with the simula-
tion of the isolated configurations. Firstly, the circular duct was simulated in a 2D domain. Since the ring
wing used is an axisymmetric revolution of an airfoil, it was possible to simulate this component with 2D
axisymmetric boundary conditions. For this case, it was performed a mesh convergence study to access the
discretization error of the simulations. Secondly, the circular duct was again simulated in a 3D domain. For
this case, it was intended to simulate the duct with a mesh similar to what could be used in the installed con-
figurations, with the circular duct. Moreover, a mesh convergence study was performed for the 3D simulation
of the circular duct as well. The square duct geometry, since it is not axisymmetric, could not be simulated
with a 2D domain. In this way, the quadrangular duct was simulated with a 3D domain only. Several meshes
with different refinements were made to simulate the square duct as well, so that a convergence study could
be performed.

After simulating the isolated ducts, the isolated propeller was studied. The Xprop was simulated with
two different domains. Initially, the isolated Xprop was simulated in a conventional way, meaning that the
propeller domain had a radius considerably larger than the propeller radius. For the test case with a large
propeller domain, a mesh convergence study was performed. Moreover, the operating condition of the iso-
lated propeller was also varied in this case, by varying the rotational speed of the fan (in order to vary the
advance ratio). The range of advance ratios tested was: J = 0.7, J = 0.8 and J = 0.9. The simulation of the
isolated propeller at different J had two main purposes. Firstly, it would provide more data for the validation
of the isolated propeller simulations. Secondly, it would compute more thrust and torque distributions to be
used with the actuator disk model. Furthermore, the isolated Xprop was also simulated in an unsteady case,
with the large propeller domain, for the highest advance ratio tested. Since it was intended to simulate the
shrouded propeller cases with unsteady computations, it was found to be beneficial to simulate the isolated
Xprop with an unsteady computation as well, to access the accuracy of the results. It is relevant to point out
that the unsteady simulations performed in this thesis were always initialized with a steady MRF computa-
tion, in order to decrease the computational time. Indeed, unsteady simulations are significantly more costly.

However, the radially large propeller domain could not have been used in a shrouded configuration, since
the gap between blade tips and duct is very short, and the ducts had to be placed outside the propeller do-
main. Therefore, the propeller was also simulated with a radially smaller propeller domain, which could fit
inside the ducts for the installed simulations. With the smaller propeller domain, it was performed a steady
and an unsteady simulation at J = 0.7. With this unconventional domain, it was found that the accuracy of
the steady simulation was very poor (this topic is further discussed in section 6.2). This is the main reason
why the steady grid refinement study and the investigation of the effect of varying J were performed with the
case with a large propeller domain, instead of the unconventional propeller domain. Another advantage of
using the conventional isolated propeller domain is that a lower grid refinement is needed, and the cost of
the simulations is lower.

After simulating the isolated geometries, the installed configurations were analysed. First, the ducts were
studied with the actuator disk model. To reduce the differences between actuator disk and full blade simu-
lations, the Xprop nacelle was also included in the AD disk computations. Furthermore, the blockage effect
caused by the propeller nacelle on the ducts was also accessed independently, therefore without the AD. With
the AD, the power setting was varied between the 3 advance ratios used on the isolated propeller simula-
tions. The next and final step was to simulate the ducted propeller configurations with the full blade pro-
peller model and with unsteady conditions. In these simulations, the radially small propeller domain had to
be used. The propeller domain is used to simulate the rotating components (blade and spinner), with a MRF
approach for steady simulations and with a sliding mesh technique for unsteady cases (these two methods
were previously discussed in section 3.4). Since the ducts are stationary components (in their own reference
frame), these were placed in the outer domain. However, the circular duct could have been placed in the pro-
peller domain as well, since it is axisymmetric and Fluent allows for the specification of a different rotational
velocity for each component. Still, since the square duct had to be placed outside the propeller domain, the
circular duct was placed in the outer domain as well, to increase consistency in the comparison of the dif-
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ferent cases. In this way, the circular ducted Xprop and the square ducted Xprop were investigated with an
unsteady simulation each, at a high thrust setting (J = 0.7). The reason why a high advance ratio was used,
in these simulations, has to do with the fact that it was intended to study the effect of slipstream contraction
on the performance of the systems. Indeed, slipstream contraction increases with the fan’s power setting. It
would also have been interesting to simulate the ducted propeller configurations at different advance ratios.
However, the large amount of cells used in these simulations resulted in too large computational costs for the
unsteady simulations, meaning that it would be unfeasible to perform many simulations.

The test matrix described in the above lines is summarised in table 4.1. The different test cases are referred
(first column), and it is specified: for which cases a mesh convergence study was made (second column); for
which cases the advance ratio was varied (third column); and which cases involved unsteady simulations (last
column).

Test case Grid Convergence study | Varying] | Unsteady

2D - Circular duct X - -

Isolated 3D - Circular duct

X
configurations Square duct X . )
X

Xprop - large propeller domain

Xprop - short propeller domain - - X

Duct + Nacelle - - -

Installed
Duct + Nacelle + AD - X -

configurations
Duct + Xprop - - X

Table 4.1: Test matrix for the project. For each case (first column), it is specified whether a mesh convergence study was performed
(second column), whether the advance ratio (J) was varied (third column) and if an unsteady simulation was run (last column). "X"
stands for was performed, and "-" stands for was not performed.

4.4, DOMAINS AND BOUNDARIES

In this section, the different domains used in the computations are discussed. It is also pointed out where
each boundary condition was applied. Subsection 4.4.1 refers to the domains used to simulate the isolated
ducts, subsection 4.4.2 refers to the isolated propeller domains, and subsection 4.4.3 is relative to the simula-
tion of the installed configurations. The specific constraints which were applied at each boundary condition
were explained previously, in section 3.4.

4.4.1. ISOLATED DUCTS

Three different domains were used for the simulation of isolated ducts, as shown in Figures 4.5 and 4.6. In
Figure 4.5, the domain used for the 2D simulation of the ring wing is shown. The BC used were a pressure-
inlet, a pressure far-field, a pressure outlet and an axis boundary. The inlet and far-field were placed 10 duct
chords away from the geometry, whereas the outlet was placed 20 duct chords downstream of the ring wing’s
leading edge. In this way, the total length of the domain in the axial direction corresponds to 30c;,;. The
axis boundary was placed at the centerline of the ring wing. For the 3D simulations of the isolated circular
and square ducts, the inlet, far-field and outlet boundaries were placed at the same distance from the ge-
ometries as for the 2D case. The boundaries can be seen in Figures 4.6a and 4.6b, respectively. Moreover,
the 3D domains were reduced to 90° domains by using symmetry BC. Since no propeller or AD was used in
these simulations, it was possible to use symmetry conditions to reduce the domain to one quarter, instead
of periodic boundaries. Periodic boundaries have the disadvantage of (possibly) resulting in interpolation
errors, in case the cells in each of the periodic faces do not exactly match. For each of the 3 domains shown
in Figure 4.6, a grid convergence study was performed. Moreover, the isolated ducts were always simulated
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with steady computations. The only inherently unsteady aerodynamic effect present in these simulations
was the separation of the boundary layer, at the trailing edge of each duct. It was considered that the steady
calculation of the flowfield would provide sufficient accuracy to the estimation of the forces at the duct, and
of the flow at the propeller location.

Far-Field

Inlet

10c
Outlet

Axisymmetric axis

10c 20c

Figure 4.5: Domain and boundary conditions used for the simulation of the isolated ring wing in 2D. The location and shape of the ring
wing section can be seen 10 duct chords downstream of the inlet, and 1 duct chord above the axisymmetric axis.
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(a) Circular duct domain - isometric view. (b) Square duct domain - isometric view.

Figure 4.6: Domains and boundary conditions used for the simulation of the isolated ducts.

4.4.2. [SOLATED PROPELLER

As it was previously referred, the isolated propeller was simulated with two different domains (seen in Figure
4.7). For both cases, the inlet, far-field and outlet boundaries had the same dimensions as the ones used for
the simulation of the isolated ducts. Furthermore, the domains were reduced from 360° to 90° by applying
periodic boundary conditions, already discussed in section 3.4. This means that only one of the four propeller
blades was directly modelled in the simulations. Moreover, it is also interesting to notice that the nacelle was
extended until the outlet. This modification of the original geometry was done to simplify the problem, by
avoiding flow separation at the trailing edge of the nacelle. It is also important to refer that, while the blade
and spinner where modelled with no-slip BC, the remaining part of the nacelle was modelled as a free-slip
boundary. This was also done to simplify the problem. Modelling the spinner as a free-slip boundary would
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simplify the simulation even further, but this was not done since the spinner’s boundary layer has a more
direct influence in the propeller loading, mainly at low radial positions.

The conventional Xprop simulation had a propeller domain with a radius considerably larger than the
Xprop radius (Figures 4.7a and 4.7b). More specifically, it was approximately 25% larger than the propeller
radius. On the other side, the second computational domain used for the simulation of the isolated Xprop
had a propeller domain with a radius only 0.13% larger than the fan radius (Figures 4.7c and 4.7d). This
is the same propeller domain which was used in the ducted propeller simulations, since it "fits" inside the
shrouds. The computations of the isolated propeller included both steady and unsteady cases. The solutions
of the steady simulations were used as initial flowfields for the unsteady calculations. Moreover, the unsteady
results were obtained with a time step equivalent to 1° of blade rotation.
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(a) Xprop conventional simulation (b) Xprop conventional simulation- zoom at the
- isometric view of the domains. propeller domain.
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(c) Xprop simulation with a small moving domain (d) Xprop simulation with a small moving domain
- isometric view of the domains. - zoom at the propeller domain.

Figure 4.7: Domains and boundary conditions used for the simulation of the isolated propeller.

4.4.3. INSTALLED CONFIGURATIONS

The installed configurations consisted of the shrouds with an AD, or with the full blade propeller model. As it
was previously referred, the simulations with a duct and AD also included the nacelle of the propeller, as it can
be seen in Figure 4.8. Thus, the blockage effect that is caused by this component was taken into account in
the AD simulations. Similarly to the isolated propeller simulations, the nacelle also extend until the outlet for
the shrouded AD simulations. However, in the AD computations, the full nacelle and spinner were modelled
as a free-slip boundary. In the AD cases, the outlet was also located 20 duct chords downstream of the duct’s
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leading edge, and 30 duct chords downstream of the inlet. The far-field boundaries were positioned at a
distance of 10¢;,.; from the center of the shroud. For the AD simulations, the domain was also reduced to
one quarter (90°) by applying periodic boundary conditions. From Figure 4.8, it can also be seen that there
is a smaller domain surrounding each of the ducts. This separate domain was only used to define the AD
model. In this way, the AD domain was used to make sure that there would be no error in the AD user defined
function (UDF). Otherwise, it was possible that the UDF would place momentum or energy sources in the
flow far from the AD location. These poorly located sources could be very difficult to find in the solution.
The actuator disk position was defined in the UDE and was equivalent to the position of the propeller in the
full blade model simulations: at 30% duct chord, i.e. at the duct’s thickest point. It is also important to refer
that the power-off computations of each duct with the nacelle were done with the exact same domains as
the simulations of the ducts with nacelle and AD (power-on). As it was previously discussed, the AD were
simulated only with steady calculations.

Far-FieId\) Far»FieId\)

Periodic

No-slip wall
Free-slip wall

Periodic

No-slip wall
Free-slip wall

(a) Domains used for the simulation of the circular duct (b) Domains used for the simulation of the square duct
with AD - isometric view. with AD - isometric view.

Figure 4.8: Domains and boundary conditions used for the simulation of both ducts with the actuator disk model.

The final simulations of this thesis were performed to estimate the flowfield around the two ducted pro-
peller systems. The domains used in these simulations are identical, and can be seen in Figure 4.9. Similarly
to the previous simulations, the inlet was placed 10 duct chords upstream of the duct’s leading edge, the out-
let was placed 20 duct chords downstream of the shroud’s leading edge, and the far-field boundaries were
placed 10 duct chords away from the center of the shroud. Once again, the domains were reduced to 90°
using periodic BC. Moreover, these simulations included both no-slip and free-slip boundaries. The shrouds,
propeller blades and spinner were considered as no-slip boundaries, whereas the remaining part of the na-
celle (from the spinner until the outlet) was modelled as a free-slip boundary. For both circular ducted and
square ducted propeller simulations, the solution was initialized with a steady calculation. The results of for
the case with the circular duct were then obtained for a time step equivalent to 1° of propeller rotation (the
same was used for the isolated propeller simulations). However, when the same time step was used for the
square ducted propeller simulations, the simulation diverged. For this reason, the unsteady calculation with
the square duct was performed with a time step equivalent to 0.5° of propeller rotation. The justification for
the need of a lower time step in the later simulation lies in the fact that the temporal gradients of the calcu-
lated quantities are greater for the square ducted propeller simulation, specially when the modelled propeller
blade tip is close to the duct surface, and the blade tip clearance sees relatively fast variations, in percentage.

4.5. MESH

Following the analyses of the different domains used for the CFD simulations, it is important to discuss the
meshing techniques used. In this way, this section provides a description of the main characteristics of the
meshes used. Furthermore, it is given an explanation on how the mesh was generated in the most critical
areas (e.g. boundary layers, regions of interference between components). Thus, the most problematic areas
of the final grids are discussed as well. With this section, it is intended to give a clear idea of how the different
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Figure 4.9: Domains and boundary conditions used for the simulation of both ducts with the Xprop.

mesh settings were used in order to solve each flowfield accurately, and also to examine the regions where
the quality of the grids is not ideal, in order to access their possible impact on the calculations.

Firstly, it should be pointed out that each mesh used was generated with ANSYS Meshing software. With
ANSYS Meshing, it were generated unstructured meshes in most of the domain regions. In the unstructured
mesh regions, the average cell size was specified considering the expected gradients of the flow in each spe-
cificregion. As an example, the unstructured mesh was more refined in the ducts’ wake or inside the propeller
streamtube than in far stream regions. Furthermore, the mesh was also more refined downstream of the pro-
peller than upstream, since there are higher gradients of the flow quantities in the propeller slipstream. How-
ever, in boundary layer regions, a mesh that resembles a structured mesh was used, even though the solver
Fluent always reads each mesh as if it was fully unstructured. This type of structured mesh is named inflation
mesh. There are three main advantages which justify the use of structured like inflation layers in boundary
layer regions. Firstly, these layers are usually generated with cells parallel to the main direction of the flow
in the boundary layer region, which makes it easier for the solver to calculate the flow more accurately [25].
Secondly, using inflation layers it is easier to refine the mesh in regions around the bodies where the flow
gradients are higher (e.g. at the leading and trailing edge of the propeller blade). Finally, using inflation layers
it is easier to generate a mesh with a very short layer of cells (in height) close to the no-slip boundaries. The
height of the cell layers was then gradually increased until the last inflation layer, with the prescribed growth
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rate. It is important to have a small layer of cells near no-slip boundaries, and an appropriate growth rate for
the following layers, so that boundary layer flows can be properly estimated. In this way, the first layer height
was always set so that the center of its cells are in the viscous sub-layer of the boundary layer. More specifi-
cally, the first layer height was estimated so that the maximum y* in the first layer would be approximately 1.
The y™ is a non-dimensional distance to the nearest no-slip wall, and it is defined as [17]:

+_ PUsy
U
where y is the distance to the wall, p is the density, ¢ is the molecular viscosity, and u; is the friction velocity:
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being 7, the wall shear stress. The estimation of the required first layer height (As) to achieve a y* ~ 1 at the
wall was made for each component, based on flat plate theory:

+

Yy H

As= . (4.4)
Ur
For the estimation of friction velocity with equation (4.3), the wall shear stress was calculated by:
CrpUZ
Tw= M , (4.5)
2
where the skin friction Cy was estimated from:
c 0.026 (4.6)
f=a7e :
Re;
The Reynolds Number, Re;, was calculated for each component, with its reference length L:
UsxL
Rey = 22~ 4.7)

Moreover, it was also desired that the total height of each inflation mesh would be larger than the correspond-
ing boundary layer height. For this reason, an initial guess for each BL height (at the trailing edge) was done
with Blasius’ approximation for the boundary layer thickness of a turbulent flat plate (§,) of length L:

_0.37L

el (4.8)
1/5
ReL
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In Figure 4.10, it can be seen the 2D mesh used for the axisymmetric simulation of the isolated circular

duct. It is evident that the majority of the domain area is covered by unstructured elements. In Figure 4.10b,
the structured like cells of the inflation mesh can be seen.

However, there are regions where the inflation mesh can not reach the specified height. These could be,
for example, regions of close proximity between two different geometries. In this thesis the first case where
the inflation mesh had to be shrunk was the isolated Xprop in the unconventional domain, i.e. in the propeller
domain with a radius just slightly larger than the propeller radius. This domain was described previously in
section 4.7. In this case, since the prescribed inflation layer height at the tip is larger than the distance to the
outer domain, the inflation layer of the blade tip has to shrink, in order to fit inside the propeller domain.
The differences in blade tip inflation mesh between the cases of the Xprop in a large propeller domain and
the Xprop in a small domain can be visualized in Figure 4.11. The other cases where inflation layers had to be
shrunk were the meshes around the duct for the installed configurations, with the propeller. Similarly to the
previous case, the inflation of the ducts’ inner surface had to shrink in order to fit in the outer domain, due
to the proximity of the propeller domain. This can be visualized in Figure 4.12, for the square shroud case.
In these domains, the shrinking of the inflation layers was unavoidable (with the meshing tools available
in ANSYS Meshing), however, it can result in a lower accuracy of the simulations in these zones. Indeed,
it is expected that the discretization error would increase due to a lower mesh quality. The problem was
mitigated by refining the unstructured mesh in zones where there should be an inflation mesh. However, too
large refinements were not possible due to the associated increase in computational costs of the simulation.
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Figure 4.10: Mesh used for the 2D axisymmetric simulation of the ring wing.
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Figure 4.11: Inflation mesh at the isolated Xprop blade tip: for the simulation with the conventional propeller domain (a), and for the
radially small propeller domain (b). The grid cuts were made parallel to the inlet and outlet boundaries, at the propeller location. Zoom
at the blade tip.

Besides using inflation layers, the mesh at the surface of the ducts and propeller blades was also meshed
with a structured liked approach. Using the mapped-mesh feature in ANSYS meshing, it was easier to specify
the number and location of chordwise and spanwise divisions of the mesh, in the surface of the components.
Therefore, this approach helped refining the mesh in critical areas, while not increasing the number of ele-
ments excessively. The mapped-mesh for the surfaces of the circular duct and propeller blade can be seen in
Figure 4.13, as and example.

There were, however, also surfaces where mapped-meshes could not be used. An example is the corner
mesh of the square duct, at the inner surface. In this surface, prescribing a fixed number of spanwise divisions
would lead to too small elements where the thickness of the airfoil is larger, since the corner inner surface is
too narrow in this region. Therefore, it was opted for using an unstructured surface mesh at the inner corner
of the square duct, for every case which included this shroud. The unstructured mesh at the corner of the
square duct can be visualised in Figure 4.14. Nevertheless, there are disadvantages related to the use of un-
structured mesh at the corner of the quadrangular duct. Firstly, the generated elements are less oriented with
the flow direction, which, as explained before, is not ideal. Secondly, the number of elements used increases
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Figure 4.12: Inflation mesh of the square duct in the installed configuration, with the propeller. Image (a) corresponds to a view of the
grid at a periodic boundary. Image (b) corresponds a grid cut parallel to the inlet and outlet boundaries, at the propeller location.
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Figure 4.13: Mapped mesh at the isolated ring wing (a) and isolated Xprop (b) surfaces. The mesh of the isolated Xprop corresponds to
the case with the unconventional propeller domain.

considerably, in order to keep the necessary mesh refinement with an unstructured surface grid.

Furthermore, the mapped-mesh setting was also used at the interfaces between propeller and outer do-
main, when the Xprop was simulated. At the interfaces, when the mesh of adjacent faces of different domains
does not match, the flow quantities have to be interpolated between different cells. This can result in an in-
terpolation error, and in convergence difficulties for the solver. Therefore, to mitigate this problem, a mapped
mesh was used to force the meshes of adjacent faces (of different domains) to be similar. Furthermore, an-
other problem that comes with the unsteady simulation of a propeller using the sliding mesh technique is
that the mesh in the propeller domain also rotates, along with the fan’s rotation. For this reason, the mapped
mesh at the interfaces for the isolated Xprop simulations was made with 90 division in the tangential di-
rection. In this way, if the propeller domain’s mesh rotates 1° or a multiple of 1°, the mesh would again be
matched with the mesh of the outer domain. Indeed, the time step used for the unsteady simulations of
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Figure 4.14: Unstructured mesh at the square duct’s corner: side view of the duct (a), and zoom at the inner corner (b).

the isolated propeller was equivalent to 1° rotation of the propeller. The mapped mesh at the interfaces be-
tween the two domains of the conventional isolated propeller simulation can be seen in Figure 4.15. For the
unconventional simulation of the isolated Xprop (the simulation with a small propeller domain), the same
approach was used to mesh the interfaces between domains. However, at the propeller location, a stripe of
very fine unstructured elements was used to mesh the interfaces. This was done due to the close proximity of
the interfaces to the propeller blade tip, where high gradients in the flow quantities are generated. However,
it results in a large increase in the computational costs of the simulation. In Figure 4.16, the mesh at the in-
terfaces for the unconventional domain of the isolated Xprop can be seen. In the simulations of the ducted
Xprop, the same approach was used to mesh interfaces, i.e. most of the interfaces’ area was covered with a
mapped mesh, and only at the propeller axial location an unstructured mesh was generated. However, in the
shrouded propeller simulations the resulting flowfieds are more complex. Thus, it were used 180 tangential
divisions in the interfaces, instead of 90 divisions. The number of radial divisions was increased as well. The
interface mesh used for the shrouded propeller simulation (with the square shroud) can be seen in Figure
4.17.

The spatial discretization error in CFD simulations depends directly on the grid refinement level, and on
the precision with which grid is refined (i.e. refining the mesh in areas of higher flow gradients is a more
effective way of decreasing the discretization error). However, increasing the number of elements in a simu-
lation also leads to higher computational costs. Therefore, mesh convergence studies were performed for the
simulations of the isolated components, in order to access the discretization errors of the different grids. The
approach used to generate the different grids of each convergence study is discussed in section 4.5.1.

4.5.1. MESH CONVERGENCE STUDY

As previously referred, it was performed a mesh convergence study to access the discretization error in sev-
eral case studies. These cases were the 2D axisymmetric simulation of the ring wing, the 3D simulation of the
circular duct, the simulation of the square duct, and the simulation of the isolated Xprop with the conven-
tional (large) propeller domain. The remaining cases were not subject to a convergence study, due to their
high computational costs. The results from the convergence studies performed for the isolated components
are taken as an indicator of the discretization error for the remaining simulations, since the mesh settings
used are similar. However, the uncertainty in the discretization error is considerably larger in the cases for
which a grid dependency study was not performed.

In the cases for which a convergence study was done, first the mesh with the considered medium refine-
ment was generated. Afterwards, a set of grids were generated. The various mesh settings were modified
with the aim of keeping the meshes geometrically similar (within the same set), as was done e.g. by Eca and
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Figure 4.17: Mesh at the interface between the propeller and outer domains,

for the
square ducted Xprop simulation. The interface mapped mesh was made with 180 tan-
gential divisions.

Hoekstra [33]. In this way, each finer or coarser mesh was generated, by modifying each cell sizing setting,
according to the following methodology:

* For the mesh settings which specify the average cell size in a given zone (either the zone was a vol-
ume or an area), the cell size was divided or multiplied by 1.3, for setting up a finer or a coarser mesh
respectively.

* For the mesh settings which specify the number of divisions in a given edge, the number of divisions
was multiplied or divided by 1.3 (and rounded to unit), for setting up a finer or a coarser mesh, respec-
tively.
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* The number of layers in each inflation mesh was multiplied or divided by 1.3 (and rounded to unit), for
setting up a finer or a coarser mesh, respectively. In order to keep the same total inflation height, the
growth rate of the layers was adjusted. The height of the first layer was kept constant, in order to keep
the same wall y™*.

* The remaining prescribed growth rates were kept constant, in volumes and areas with unstructured
meshes.

Due to the associated lower computational costs, the 2D axisymmetric circular shroud case was the one
for which more meshes were generated. Thus, it is also the case with a greater ratio of cell size between the
finest and coarsest grids. The parameter used to quantify the refinement of each mesh was the ratio between
the average cell height of the given mesh (/;), and the average cell height of the finest mesh (hr):

(4.9)

where n.5; is the number of cells in a domain i, 7n..;s, is the number of cells in the finest domain, and d
is the domain’s number of spatial dimensions. Thus, d is 2 for meshes relative to the 2D axisymmetric sim-
ulation and 3 for the remaining domains, which are 3D. In Figure 4.18, the finest and the coarsest meshes of
the 2D convergence study are shown. Their refinement ratio is, respectively, hyo/hr =1 and hs/hr = 2.89. The
results obtained from the convergence studies are presented in sections 5.1.1, 5.2.1, 5.3.1 and 6.1.1, for the
isolated cases of the 2D ring wing, 3D ring wing, square duct and Xprop in the conventional domain, respec-
tively.
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Figure 4.18: Finest (a) and coarsest (b) meshes of the convergence study for the 2D axisymmetric case.

4.6. SETUP - OPERATING CONDITIONS

For each CFD simulation, after creating the computational domain and generating the grid, it was necessary
to prepare the setup for the calculation. A CFD setup involves the selection of the governing equations, for
example, and also the definition of the different flow quantities at the boundaries. It was previously referred,
in section 3.4, which boundary conditions imposed in the simulations require the input of flow free-stream
values. In order to choose the operating conditions for the simulations, several major considerations were
taken into account:

* The conditions tested should be comparable to the available data for validation.

* The operating conditions should be possible to recreate in a wind tunnel, in case it is intended to do an
analogous experimental study, in the future.

* The free-stream values should be such that strong compressibility effects are avoided (e.g. shock waves).
Substantial compressibility effects would make the resulting flowfield more complex. Therefore, it
would be more difficult to isolate and understand the fundamental aerodynamic differences between
the configurations studied. It was also taken into account that the Mach number at the tip of the pro-
pellers is considerably higher than the free-stream, due to their rotational velocity.

* For the choice of the ambient values of turbulent kinetic energy and specific dissipation rate, the rec-
ommendations from Spalart and Rumsey were followed [41].
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With the above restrictions in mind, it was decided to perform the simulations at ambient sea-level condi-
tions and with a free-stream velocity of 30 m/s. These conditions are often used for wind tunnel experiments
at TU Delft. Indeed, there was experimental data available for validation of the propeller Xprop’s performance
at these conditions, at several power settings (defined by the blade’s incidence and rotational velocity). The
propeller’s wind tunnel data was obtained by Tomas Sinnige at TU Delft’s open jet facility (OJF), and was pro-
vided by internal communication.

In this way, it was decided to use the following free-stream values for the fluid (air), which was considered
to be an ideal gas:

Voo =30m/s
Poo = 1.225 kg/m? (4.10)
ps., = 101325 Pa,

where V, is the free-stream velocity, p, is the free-stream density, and P;__ is the free-stream static pressure.
As discussed in the previous section (3.4), the boundary conditions used in ANSYS Fluent require the input
of several other variables (in rounded up values):

Ty, =288.17K
Mq, =0.0882 -]

4.11
To,, = 288.61 K @10

pg. =552.32Pa,

where T;_ stands for free-stream static pressure, M, is the free-stream Mach number, Ty, is the free-stream
total temperature, and pgoo is the Gauge free-stream total pressure, which corresponds to the difference be-
tween the free-stream total pressure and a reference pressure, in this case p; . The static temperature was
calculated from the ideal gas relation:

= Ps

T = , 4.12
=R (4.12)
where the specific gas constant was calculated from:
R

being R the universal gas constant, and M’ the fluid’s molecular mass. The Mach number was calculated
from:

14
M=2 (4.14)
a

where V is the air velocity and a is the speed of sound:

a=+/yRTs, (4.15)

being y the ratio of specific heats:

_ S (4.16)
Y= C, .
The specific heat, C,, was calculated from:
Cy=Cp,—R. (4.17)

Moreover, the total temperature and pressure were determined using the equations for compressible flow:

Ty -1

F0:1+YTM2
S

y (4.18)

&:(1+Y—_1M2)Y_1 .

Ps 2
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TURBULENCE FREE-STREAM QUANTITIES

As it was previously referred, the free-stream values of turbulent kinetic energy, k, and specific dissipation
rate, w, were calculated according to the recommendations from Spalart and Rumsey [41]. These recom-
mendations were followed with the intend of having the desired values of eddy-viscosity, v;, in the upstream
vicinity of the geometries. The desired v; was obtained considering two main restrictions. Firstly, the eddy
viscosity development in a boundary layer should have a low dependence on the ambient value. For this rea-
son, the ambient value of v; should be considerably lower than the values of eddy-viscosity which are reached
in the boundary layer. Secondly, the ambient value of v, should be low enough, so that the gap flow between
different elements is well estimated. Moreover, the suggested appropriate values for ambient k and w also
take into account the intention of estimating accurately the flow at the leading edge of each element [41]. In
this region, the flow should have characteristics of a laminar boundary layer.

In this way, the following equations were used to find the appropriate ambient values of turbulence kinetic
energy and specific dissipation rate, respectively [41]:

k
— =10""
Voo

(4.19)
wcC
— =5,
Voo

where c is a reference chord length. In this thesis, the duct’s chord was used as reference. However, it should
be noticed that, when using the k — w SST model, there is a decay of k and w from the domain boundaries
until the flow reaches the geometries. This poses a problem, since it would make the k and w values lower
than desired, in the upstream vicinity of the geometries. To solve this decay problem, weak sources of k and w
can be placed everywhere in the domain [41]. The appropriate sources of k and w which lead to the ambient
values estimated from equation 4.19 where found iteratively, with a trial and error approach. In this way,
the free-stream values of turbulence kinetic energy and specific dissipation rate set at the boundaries were
(rounded values):

koo =9 x 1074 m?/s?

4 (4.20)
Woo =695 7,
which, from equation 3.2, result in the free-stream value of eddy-viscosity:
Vi, = 1.3 x 1078 m?/s. (4.21)

To avoid the decay of these values until the flow reaches the geometries, the following sources of turbulent
kinetic energy and specific dissipation rate were used (in all test cases), respectively:

Sk =0.07 kg/(s>m)

32 (4.22)
S =49000 kg/(m”s°) .

The effect of using sources for k and w is illustrated in figures 4.19 and 4.20, for the case of the isolated
duct (or ring wing) simulated with a 2D axisymmetric domain. In the simulation where the sources were used
(see figures 4.19a and 4.20a), it can be understood that the values of k and w upstream of the ring wing are
equal to the inlet values. On the contrary, in the simulation where no sources for k and w were used (images
4.19b and 4.20b), free-decay of these quantities was allowed. Indeed, it can be understood that the value of
k and w upstream of the duct are considerably lower in this case, when compared to the values at the inlet.
Moreover, it is also interesting to notice that, in the simulation without the sources, k remains at a high value
in the wake of the wing, until it reaches the outlet. In the simulation with the sources, k returns to the free-
stream value before the outlet. This happens due to the fact that there is a strong decay of w in the wake, when
no sources are used. Therefore, k dissipates faster in the wake, if sources of w are present. As expected, using
sources of w results in a higher value of the specific dissipation rate in the duct’s wake. It should be pointed
out that the purpose of using sources for k and w is not to have an accurate estimation of these variables in
the wake. The sources are used in order to have effective ambient values (of k and w) immediately upstream
of the geometries, so that their boundary layers are well estimated, with the appropriate accuracy of the k—w
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SST turbulence model.

From the simulation results, it was understood that the difference between the total drag of the duct in
these two simulations was relatively small. The difference was 0.17% of the drag of the duct in the simulation
where the sources were used. Therefore, it can be concluded that for this 2D mesh with these specific inflow
conditions, the total drag of the ring wing is not largely affected by the introduction of sources in the domain.
It is also important to refer that, for all the remaining simulations, these sources of k and w were introduced.
The comparison with a simulation without sources was only made for the 2D axisymmetric case, which was
the less expensive case (computationally).

Turbulent Kinetic Energy: 0 0.0004 0.0008 0.0012 0.0016 0.002 Turbulent Kinetic Energy: 0 0.0004 0.0008 0.0012 0.0016 0.002
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(a) Simulation with sources for k and w over the domain.  (b) Simulation without sources for k and w.

Figure 4.19: Turbulent kinetic energy [m?2/s%] contours for two 2D axisymmetric simulations of a ring wing, over the entire domain. One
simulation had weak sources for k and w in the domain (left image), and in the second simulation free-decay of k and w was allowed
(right image). The x and y axis show the position in the domain, which was non-dimensionalised with a reference length - the ring wing’s
chord.
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(a) Simulation with sources for k and w over the domain. (b) Simulation without sources for k and w.

Figure 4.20: Specific dissipation rate [s~1] contours for two 2D axisymmetric simulations of a ring wing, over the entire domain. One
simulation had weak sources for k and w in the domain (left contour), and in the second simulation free-decay of k and w was allowed
(right contour). The x and y axis show the position in the domain, which was non-dimensionalised with a reference length - the ring
wing’s chord.

4.7. SOURCES OF NUMERICAL ERROR IN THE SIMULATIONS

Until this point, it were discussed the various steps taken before performing the simulations. After running
the calculations, it was necessary to post process and analyse the results. The main results are shown in the
next chapters (6 and 7). When interpreting the CFD results, it should be kept in mind that the simulations’
results are different from any possible exact solutions to the combination of boundary conditions and equa-
tions used. Indeed, there are numerical errors associated with the calculation of flowfields with CFD. There
are different sources of numerical errors: the round-off error, the iterative error and the discretization error
[33]. The round-off error is present due to the finite number of digits used by the computer, which leads to the
round up of the exact values of each variables. Usually, in CFD this source of error is considerably lower than
the iterative and discretization error. Therefore, the round-off error was considered to be negligible during
this thesis.
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The discretization error is usually the strongest source of numerical uncertainty in CFD simulations [33].
This error comes from the fact that the differential fluid mechanics equations are considered by the solver as
a system of algebraic equations. In CFD simulations, the spatial discretization error can be decreased by in-
creasing the number of cells in the domain, specially in zones were the gradients in the flow variables are high.
However, increasing the number of elements has the drawback of higher computational costs. The meshes
generated in the thesis, along with the mesh convergence study used to access the discretization error in the
simulations are further discussed in section 4.5 of the report. In unsteady RANS simulations (URANS), there
is also an error relative to the temporal discretization. The temporal discretization error can be lowered by
decreasing the time interval between time-steps. In this project, even though no specific study was done to
investigate the temporal error in the simulations, it was used a time step which was considered to be low
enough to resolve each flowfield. For the isolated propeller case, and for the propeller ducted in a (conven-
tional) circular duct, the time-step used in each simulation corresponds to 1° rotation of the fan blades. For
the unconventional ducted propeller case, however, the time step had to be lowered to 0.5° of propeller ro-
tation. This is due to the fact that the temporal gradients were higher in this case, and the solver could not
reach a converged solution with a higher time step. These time steps are relatively lower than the time step
used in [51] for unsteady propeller simulations, where a time step corresponding to 2° rotation of the fan was
used. In this thesis, the close proximity between propeller and duct, which can lead to higher gradients of the
flowfield variables, justifies the need for a more resolved simulation (temporally).

Ideally, the iterative error in CFD should be orders of magnitude lower than the discretization error, so that
it can be neglected [33]. However, since the fluid mechanics equations used in CFD are highly non-linear,
an iterative error is always present. In order to monitor the iterative error during the thesis’ simulations,
two main indicators were considered. Firstly, the convergence of certain quantities of interest was checked,
versus the iteration number. These quantities were, for example, viscous and pressure drag at the ducts, or
thrust at the propeller. Secondly, the convergence of the residuals was also checked, in each simulation. The
residuals are an indicator of the imbalance of different quantities in the whole domain (e.g. mass imbalance,
energy imbalance). Therefore, the residuals should be as low as possible. More precisely, the normalized
residuals should be at least of the order of 103, preferably 10~ [23]. During this thesis, it were not always
obtained ideally low values of the residuals, for every equation. Therefore, it can not be concluded that the
iterative error is negligible in comparison to the discretization error. As an example, the scaled residuals for
4 simulations are presented in Figures 4.21 and 4.22. The 2D axisymmetric simulation of the ring wing was
the case with best convergence of the residuals. On the simulation with the medium sized mesh (see Figure
4.21a), the highest remaining residual was the one relative to the turbulent kinetic energy equation, with a
value of 1.8e —4. The residuals of the remaining equations all converged to values bellow 1e — 11. However,
for the 3D simulations, the remaining residuals were higher. In the steady simulation of the isolated square
duct (see Figure 4.21b), the residual relative to the continuity equation was the highest (3.7e—4). In the steady
simulation of the circular duct with the actuator disk at high thrust setting (corresponding to the propeller at
an advance ratio of 0.7), the residual for the continuity equation lowered until 1.1e—3, as it is shown in Figure
4.22a. Figure 4.22b shows the residuals’ convergence for the unsteady simulation of the propeller shrouded
by the unconventional square duct. Since it is an unsteady simulation, the residuals have to converge for
each time step, during the inner iterations’ loop. The final residuals shown in figure 4.22b correspond to the
time step where the propeller completes 3.5 revolutions. For convenience, it is not shown the full residuals’
convergence history, since too many time steps were computed. For this unsteady simulation, it also can be
seen that the least converged residual is the one relative to the continuity equation, which converged until
approximately 9e — 4 for each time step. It is important to refer that the scaled residuals were calculated by
Fluent as the summation of the imbalance in every cell in the domain, for a given variable ¢, divided by the
summation of the flow rate of ¢ through the whole computational domain [17].
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Figure 4.21: Residuals convergence history for two simulations of isolated components. Figure (a) corresponds to the convergence
history of the 2D axisymmetric simulation of the ring wing, and Figure (b) corresponds to the convergence history for the simulation of
the isolated square duct. Both plots correspond to the simulations with the medium size mesh.
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Figure 4.22: Residuals convergence history for two simulations with installed components. Figure (a) corresponds to the convergence
history for the simulation of the circular duct with the actuator disk, and Figure (b) corresponds to the convergence history for the

simulation of the square duct with the propeller. The operating condition of the respective propulsor, in each case, corresponds to a high
thrust setting: 0.7 advance ratio.
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ISOLATED DUCTS CHARACTERISATION

In this chapter, the results obtained for the isolated ducts are presented and discussed. Firstly, the results from
the 2D axisymmetric simulation of the ring wing are presented, in section 5.1. Secondly, the results from the
3D simulation of the isolated circular wing are shown, in section 5.2. Thirdly, the results from the simulation
of the square shroud are presented, in section 5.3. The chapter includes results from the grid convergence
studies of the several cases. Furthermore, the results from the isolated circular duct simulation are compared
against results from other authors, for validation.

It is important to introduce several parameters used to evaluate the aerodynamic performance of the
different test cases. The pressure coefficient was defined as:
cp=L P2 (5.1)
oo
where p is the static pressure, p is the free-stream static pressure, and g is the free-stream dynamic pres-
sure. Similarly, the total pressure coefficient was defined as:

Pt~ Poo
C =, (5.2)
7 o
where p; is the total pressure. The skin friction coefficient was defined as:
Tw
cr=—2, (5.3)
' oo
where 1, is the wall friction. The three-dimensional drag coefficient of the shrouds was defined as:
D
Cp= ) (5.4)
dooSp

where D is the drag of the duct, and S, is the propeller disk area. A second drag coefficient definition used
was:

Ch= —o (5.5)
b qoosduct ' ’
where S;,,; is the reference area of each duct:
Sduct = PauctCduct, (5.6)

where Py, is the perimeter of the duct, measured at the leading edge. Since both ducts used have the same
chord, the reference area of the quadrangular duct, Sgq,c;, is larger than the reference area of the circular
duct by approximately 25%:

Sqduct = 1.25 % Scqyct- (5.7)

55



56 5. ISOLATED DUCTS CHARACTERISATION

5.1. 2D AXISYMMETRIC CIRCULAR DUCT

The present section shows and discusses results for the 2D simulation of the circular duct. From the isolated
simulation of the circular duct, it is important to evaluate the force components of the body’s aerodynamic
drag. Furthermore, it should be understood how the duct influences the velocity of the flow at the propeller
location, since this velocity will influence the performance of the propeller. As an example, the angle of attack
(a) of each blade section will directly depend on the income flow’s axial velocity (see Figure 2.2, relative to
BEM theory).

The results presented in this section correspond to the simulation with the mesh with medium refine-
ment, for consistency with the overall report. The results have a higher discretization error than the results
obtained with the most refined mesh, but have the advantage of being more comparable to the results of the
installed configurations, since the grids are more similar. In sub-section 5.1.1, the results for the medium
mesh used for the 2D simulation are compared against results from grids with different refinements. In this
way, the discretization error in the simulations is evaluated.

In order to achieve a deeper understanding of the flowfield around the circular duct, the pressure coeffi-
cient and the axial velocity (divided by the free-stream velocity) of the flow in the vicinity of the duct section
can be seen in Figures 5.1 and 5.2. From Figure 5.1, it can be understood that there is a lower pressure inside
the duct than near the outer surface of the duct, even though the airfoil is symmetric. This is due to the higher
contraction of the flow that has to occur inside the duct. Correspondingly, the axial velocity of the flow is also
higher inside the duct (Figure 5.2). A greater axial velocity of the flow inside the duct is expected to influence
the performance of a propeller located in this region. This is due to the fact that the effective velocity vector
at each blade section is modified, with an increase in the axial component of the flow velocity. This effect is
expected to decrease the effective angle of attack of each blade section, and therefore its loading, as it can be
understood from Figure 2.2 (relative to blade element theory).
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Figure 5.1: Pressure coefficient (C p) distribution in the vicin- Figure 5.2: Axial velocity (V) distribution, normalised with
ity of the ring wing section. Results obtained from the 2D ax- the free-stream velocity, Vp, in the vicinity of the ring wing
isymmetric simulation with the medium mesh. section. Results obtained from the 2D axisymmetric simula-

tion with the medium mesh.

In Figure 5.3, it can be seen the C), distribution across the ring wing section, versus x position divided by
the duct’s chord, x/c. It this plot it is also clear that the pressure coefficient is lower inside the duct than in
the outer surface. Moreover, it is interesting to notice that Cj, does not increase to 1 at the trailing edge of the
duct section. This is due to a viscous effect, i.e. there is flow separation at the trailing edge of the duct. Flow
separation at the trailing edge is a cause for the isolated duct’s pressure drag, since there is a stagnation point
at the leading edge of the duct, where C, is 1.

In Figure 5.4, it can be seen the axial skin friction coefficient, Cr. distribution versus x/c. This distribu-
tion helps understanding the causes for friction drag generated along the duct. Near the leading edge of the
duct, Cy, is maximum due to the low height of the boundary layer in that region. As the BL grows, Cy, also
decreases towards the trailing edge. However, around 10% chord (x/c = 0.1) there is a sudden increase in skin
friction, due to transition of the boundary layer from laminar to turbulent.
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In Figure 5.3, it is shown how the boundary layer height (6) grows on both surfaces of the duct. For a
better understanding, the result is compared against Blasius’ solution for the boundary layer height of a tur-
bulent flat plate without a pressure gradient (Ap = 0). It is interesting to notice that, on both duct surfaces,
the boundary layer of the duct first grows slower than the BL of the flat plate. However, at x/c =1, i.e. at
the trailing edge of the duct, ¢ is similar to the BL height of the flat plate. The main reason for these differ-
ences is the pressure gradient created in the flowfield due to the presence of duct. Indeed, boundary layers
grow slower in the presence of a favourable pressure gradient (when dp/dx < 0), and grows faster under un-
favourable pressure gradients (dp/dx > 0). The differences between the BL of the ring wing and the BL of a
turbulent flat plate can also be understood from Figure 5.6. Here, it is plotted the height of the boundary layer
of the duct obtained from the 2D simulation divided by the height of a turbulent flat plate at an equivalent
chordwise position. It is interesting to noticed that the shape of this plot (Figure 5.6) resembles the shape of
the C,, distribution plot, in Figure 5.3. The correspondence between the two plots further demonstrates the
effect of a pressure gradient on a BL growth.

The evaluation of the duct’s boundary layer height is also important to understand the propeller’s perfor-
mance inside the duct. The propulsive system was designed so that the blade tip clearance would be small,
0.3% of the blade radius. In this way, the gap between blade and duct is only approximately 0.28% of the duct’s
chord, which is less than half of the isolated duct’s BL height at the propeller location (Figure 5.5). In this way,
it could be expected that the duct’s boundary layer would increase the loading at the blade tip sections, which
would be under an inflow with a lower axial velocity, associated with a lower total pressure. However, it is dif-
ficult to predict exactly how the duct’s boundary layer would influence the propeller’s efficiency just from
the isolated duct’s simulation. The results from the ducted propeller simulation are shown and discussed in
the next chapter (Chapter 7), which is dedicated to the installed configurations. Before analysing the installed
configurations, it is also relevant to compare the results from the 2D axisymmetric simulation of the ring wing
with the results from the 3D simulation (section 5.2), and it is important to analyse the results obtained for
the isolated square duct (section 5.3) and propeller (sections 6.1 and 6.2).
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Figure 5.6: Ring wing boundary layer height divided by the
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versus chordwise position. Results obtained from the 2D ax-
isymmetric simulation with the medium mesh.

with zero pressure gradient.

5.1.1. MESH CONVERGENCE STUDY

Since the computations were done with 2 spatial dimensions instead of 3, the grids used were orders of mag-
nitude smaller (in total number of elements), and the computational costs were considerably lower. Thus, the
2D problem was the case in which it was possible to test grids with a higher refinement, for the convergence
study. The basis used for the estimation of the discretization uncertainty was the Grid Convergence Index
(GCD), according to which [33]:

U = Fs|6rel, (5.8)

where U is the uncertainty, F; is a safety factor and d g is the estimated error.

In Table 5.1, the values for the drag coefficients obtained with the different grids are specified. Grid 4,
with a medium refinement, is the grid generated with settings most similar to the meshing settings used
to mesh the ducts in the installed configurations. Furthermore, in Table 5.1 it is also shown an estimated
exact value (¢g), which would correspond to an equivalent simulation with a mesh (mesh 0) with infinite
number of elements. The exact value was estimated based on Richardson extrapolation. In this way;, it were
calculated the values of ¢y, of the constant @ and of the observed order of accuracy, p, which would minimize
the function [33]:

ng

> (¢i— (o +ah?))

i=1

S(¢po, a, p) = 2, (5.9)

using a least squares root approach. In equation 5.9, ng is the number of meshes used in the convergence
study, ¢; is the value of the variable obtained with mesh i, and h; is a value representative of the cell size in
mesh i.

In Figure 5.7, it is shown the convergence of the drag coefficients Cp,, Cp, and Cp,, with respect to grid
size. The values are shown in terms of relative difference, in percentage, to the grid with a medium refinement
(grid 4). It is also shown a line with the values which can be obtained from extrapolation. The line was
calculated using:

¢ =po+ahl, (5.10)

where ¢, is the extrapolated value of a given quantity, for a mesh with element size ;.
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2D Ring wing - grid converge study

Mesh Refinement #ofelements hi/h[-]  Cp, [-] Cp; -l Cpyypy ]
6 very coarse 7917 2.886 0.007279  0.022420  0.029699
5 coarse 14177 2.157 0.007167 0.022949  0.030116
4 medium 19856 1.822 0.006991 0.023220  0.030211
3 fine 28460 1.522 0.006991 0.023376  0.030367
2 very fine 42881 1.24 0.007012 0.023385  0.030397
1 super fine 65949 1 0.006992 0.023452  0.030443
0 - 00 0 0.006964 0.023543  0.030509

Table 5.1: Grids used for the 2D convergence study and drag coefficients on the circular duct from the 2D
axisymmetric simulations.

In Table 5.2, it is shown the apparent order of convergence for each quantity, the standard deviation of
each fit, the error of the medium grid, 6 gg 4, and, also for the medium grid, the discretization uncertainty
Ugp,4. The standard deviation, Us, of each fit was calculated from:

ggl (i — (o + ahf))z

Us = . 5.11
s - (5.11)

The error was estimated from [33]:

OrRe=¢;i— o, (5.12)

and the discretization uncertainty, Uy, was calculated from:

Up = 1.25|6rgl + Us, (5.13)

for the cases shown in Figure 5.7, where monotonic convergence of the solutions was identified.

2D Ring wing - grid converge study

Quantity Cp, [-] Cps Cp,
p 2.87 2.55 2.41
Us (%] 0.770471  0.219784 0.086193
Orea [%]  -0.385130 1.390088 0.986422
Ugp,4 [%] 1.251884 1.957394 1.319221

Table 5.2: Grid convergence study used for the 2D axisymmetric simulation of the ring wing, considering the
pressure, friction and total drag coefficients of the duct.

Furthermore, it were also checked the convergence of the Cj, and Cy, chordwise distributions at the ring
wing. These plots can be seen in Figs. 5.8 and 5.9, respectively. The Figures show the results obtained with
the 2D mesh with medium refinement (4), and with the grids which are most different from the medium grid:
1 and 6. From Fig. 5.8, it can be understood that the C), distributions are similar for the 3 grids. The larger
differences are found around half duct chord, even though the pressure gradients in this region are lower.
The region with higher discretization error of the C,, is, therefore, the region where the meshes are coarser. In
Figure 5.9, it can be seen that the discretization error of skin friction at the duct is higher near the transition
location (around x/c = 0.1). This indicates that the refinement of the mesh has as an influence on the specific
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location where the solver predicts transition.

In Figure 5.10, it can be seen the axial velocity distributions inside the isolated circular duct, at the pro-
peller location (30% duct chord). The axial velocity was normalised with the free stream velocity (V,/Vp), and
it is shown versus radial position r/R,, where R, is the propeller radius. Since it is a 2D simulation, r = y.
The distributions shown were obtained with the finest, medium and coarsest meshes, respectively, 1, 4 and
6. It can be understood that the result is very similar for the three grids. The axial velocity shown is higher
than the free-stream velocity, due to flow contraction. Only at the location of the blade tips, the axial velocity
drops to values lower than free-stream, due to the presence of the duct’s boundary layer, until V reaches 0
m/s at the duct’s surface. Indeed, a no-slip boundary conditions was implemented at the duct’s surfaces (as
it was referred in section 4.4).

Despite the small differences found, it was concluded that both C,, C fe and V,/V; distributions calculated
by grid 1 and 4 are relatively similar. Therefore, it was considered that the mesh settings used for meshing the
2D grid 4 would be appropriate to mesh the duct in the installed configurations. Naturally, the threshold for
the acceptable duct’s mesh spanwise refinement was not accessed with the 2D convergence study. This could
only be done with 3D simulations of the circular duct, which are presented in the next section.
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Figure 5.7: Convergence study of the isolated circular wing’s pressure drag coefficient (top-left), friction drag
coefficient (top-right) and total drag coefficient (bottom), with respect to grid element size. Results obtained
with 2D axisymmetric simulations. It is shown the relative difference to the value calculated with mesh 4
(medium refinement), Cp,.
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5.2.3D CIRCULAR DUCT - ISOLATED

The present section shows and discusses the results obtained from the 3D simulation of the circular duct,
with a computational mesh with medium refinement. The results obtained with grids with different refine-
ments are shown in sub-section 5.2.1, which is relative to the grid convergence study.

Figures 5.11 and 5.12 show, respectively, the pressure coefficient contour and the axial velocity contour
around the duct. The C, and V,/V, contours are very similar to the ones obtained from the 2D simulation
(Figs. 5.1 and 5.1). It can also be identified, from the 3D computation, that inside the duct the C, is lower
than the free-stream and the axial velocity is higher. As it was discussed in section 5.1, this has an effect in
the performance of a propeller placed inside the duct. For this reason, the axial velocity contour at x/cgcr =
0.3 (at the propeller location) is also shown, in Fig. 5.13. It can be understood that, as expected, the axial
velocity contour is uniform in the tangential direction. The V,/V} contour is uniform due to the fact that
the circular duct, or ring wing, is axisymmetric and the inflow is uniform. Only for the square duct, which
is not axisymmetric, it was expected that the axial velocity contour would be non-uniform at the propeller
location, in the tangential direction. The results for the isolated square duct are shown and discussed in the
next section (Sect. 5.3).
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Figure 5.11: Pressure coefficient (Cp) distribution in the Figure 5.12: Axial velocity (V) distribution, normalised with

vicinity of the ring wing section. Results obtained from the the free-stream velocity, Vp, in the vicinity of the ring wing

3D axisymmetric simulation with the medium mesh. section. Results obtained from the 3D simulation with the
medium mesh.
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Figure 5.13: Axial velocity distribution, normalised with the free-stream velocity, in a plane per-
pendicular to the duct, at the propeller location (x/c = 0.3). Results obtained from the 3D simula-
tion of the isolated ring wing, with the medium mesh. Moreover, it is also shown locations where
it were made slices to evaluate the results (8 = 0°, 8 = 30° and 8 = 60°), in relation to the following
plots of this report.

In Figs. 5.14 and 5.15, it is shown, respectively, the pressure coefficient and the skin friction coefficient
(in the axial direction) at the duct’s surface. The results correspond to three slices made at the duct, at 6 = 0°,
0 = 30° and 0 = 60° (represented in Fig. 5.13), so that it can be understood if there is a spanwise variation in
pressure and axial skin friction distributions. Since the duct is axisymmetric, it was not expected a spanwise
variation of these quantities. For the pressure coefficient distribution (Fig. 5.14), it is hardly noticeable any
difference between the three slices. Moreover, the result matches well with the pressure coefficient distribu-
tion obtained from the 2D circular duct simulation (Fig. 5.3). For the axial skin friction coefficient, however,
Fig. 5.15 shows that there are small differences in the distributions over the three slices. This is assumed to
be due to noise associated with a numerical error in the calculations. In appendix A, the same distributions
are plotted for the six grids with different refinements (Fig. A.2). It was found that the spanwise variations of
axial skin friction decrease for higher cell refinements, and are excessively large for the coarsest grids used.
Besides the small differences in spanwise skin friction, it was also found that the axial skin friction distribu-
tion estimated from the 3D calculation is very similar to the distribution obtained from the 2D circular wing
simulation 5.4, as expected.

The boundary layer height is plotted in Fig. 5.16, for same the three duct locations referred earlier (6 = 0°,
0 =30° and 6 = 60°). The height of the boundary layer of a turbulent flat plate in a flowfield without pressure
gradients is also plotted, for comparison. The results are also very similar to the results of the 2D simulation
(Fig. 5.5), considering the duct’s boundary layer height. Similarly to the axial skin friction distribution on the
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duct (Fig. A.2), there is also a relatively small spanwise variation of the boundary layer height in the results
from the 3D simulation. It is also assumed that this variation is due to the fact that a finite number of elements
was used for the calculations, resulting in a numerical error. The numerical discretization error in the isolated

circular duct simulations is analysed in more detail in the following sub-section (5.2.1).
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cuts of the duct at three different planes: at 8 = 0°, 8 = 30°

and 0 = 60°.
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Figure 5.16: Ring wing boundary layer height, versus chordwise position. The results obtained
from the 3D simulation with the medium mesh are compared against Blasius’ solution for the
turbulent BL height over a flat plate, with zero pressure gradient. The results correspond to three
cuts of the flowfield at three different planes: at 6 = 0°, 6 = 30° and 6 = 60°.

5.2.1. MESH CONVERGENCE STUDY

This section presents the results obtained from the grid convergence study performed for the isolated circu-
lar duct 3D simulation, in order to evaluate the discretization error in each grid. In table 5.3, it is specified
which grids were used for the convergence study. The mesh with a medium refinement (3) is the most similar
to the meshes used for the installed configurations, and to the medium mesh used for the 2D convergence
study (mesh 4 in table 5.1). Moreover, the drag coefficients of the ring wing obtained with each mesh are also
shown in Table 5.3. The estimated exact values are also shown. The exact values correspond to the values
that would be obtained with a mesh with an infinite number of elements (mesh 0), i.e. from an equivalent
simulation without a discretization error. The estimated exact values (for mesh 0) were calculated for each
quantity from two different fits: the best fit and a similar fit where the observed order of convergence was
kept constant at p* = 3. The best fit was calculated in the same way as it was done for the 2D convergence
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study (Sec. 5.1.1). However, the observed order of convergence estimated with the best fit was, for the three
variables, considerably larger than the theoretical order of convergence. In these simulations, the theoretical
order of convergence is 3, as this is the order of the discretization schemes used. The fits with p* = 3 were
calculated for each variable due to the excessively high order of convergence estimated from the best fits,
following the recommendations in [33].

With respect to the two fits calculated for the convergence of each drag coefficient (best fit and fit with
p* =3), Table 5.4 shows values of the apparent order of convergence, p, the standard deviation of the fit, Uj,
and the error of the medium mesh with respect to the estimated exact value, g 3. The uncertainty of the
value obtained with the medium mesh Uy 3 is shown as well. The uncertainty was calculated from:

Up=1.25|0pp1 + Uy, (5.14)

where the asterisk means that the value is relative to the fit with p* = 3.

3D Ring wing - grid converge study

Mesh Refinement #ofelements h;/hy [-] CDp [-] CDf [-] Cp,pra 1]

6 super coarse 2.322 x 10° 1.762 0.008461 0.021649 0.030109

5 very coarse 2.596 x 10° 1.698 0.007804 0.022252  0.030057

4 coarse 3.295 x 108 1.568 0.007703 0.022660  0.030363

3 medium 4.610 x 108 1.402 0.007380 0.023077  0.030457

2 fine 7.002 x 108 1.220 0.007164 0.023205 0.030369

1 very fine 12.713 x 108 1 0.007013 0.023413 0.030426

0 (Best fit) - 00 0 0.007040 0.023363  0.030432

0* (Fit with p =3) - o0 0 0.006649 0.023915 0.030564

Table 5.3: Grids used for the 3D convergence study with the circular duct, and the drag coefficients on the duct.

3D Ring wing - grid converge study

Quantity Cp, [-] Cp, Cp,
p 6.724325 7.835668 9.853318
Us [%] 2.315794  0.434015 0.302908
OrE3 [%] -4.606396 1.240129 -0.084285
opx 3T 3 3
Usxg [%] 2.846 1.002 0.398
O0*pgE3 %] -9.903 3.630 0.350

Ugp,3 [%] 24522390 9.556741  1.644229

Table 5.4: Grid convergence study performed for the 3D simulation of study with the circular duct, considering
the pressure, friction and total drag coefficients on the duct.

In Figs. 5.17, 5.18 and 5.19 it is shown the plots relative to the convergence studies for the pressure, fric-
tion and total drag coefficients at the duct, respectively. The values for each mesh are shown in terms of
relative difference to the value obtained with the medium mesh (3). Moreover, the lines relative to the best
fit for each quantity are plotted, along with the fits obtained considering p = 3. From these plots, it is clear
that the highest relative difference in the drag coefficient of mesh 3 with respect to finer meshes is found for
Cp,. Correspondingly, the pressure drag coefficient is also the quantity for which a higher uncertainty was
calculated for mesh 3 (see Table 5.4).
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Figure 5.17: Convergence study of the isolated cir-
cular wing’s pressure drag coefficient, with re-
spect to grid element size. Results obtained with
3D axisymmetric simulations. It is shown the rel-
ative difference to the value calculated with mesh
3 (medium refinement), Cp,, ;. The circles corre-
spond to the values relative to each simulation,
and the dotted line corresponds to the best fit.
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Figure 5.18: Convergence study of the isolated cir-
cular wing’s friction drag coefficient, with respect
to grid element size. Results obtained with 3D
axisymmetric simulations. It is shown the rela-
tive difference to the value calculated with mesh
3 (medium refinement), Cp ar The circles corre-
spond to the values relative to each simulation,
and the dotted line corresponds to the best fit.
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Figure 5.19: Convergence study of the isolated circular wing’s total drag coeffi-
cient, with respect to grid element size. Results obtained with 3D axisymmet-
ric simulations. It is shown the relative difference to the value calculated with
mesh 3 (medium refinement), CDmmm. The circles correspond to the values
relative to each simulation, and the dotted line corresponds to the best fit.

Besides analysing the convergence of the drag coefficients with respect to grid element size, it were also
analysed the convergence of pressure and axial skin friction coefficient chordwise distributions. Figures 5.20
and 5.21 show the Cp, and Cp,_distributions at the duct’s surface for three different grids. The convergence
of the axial velocity profile at the propeller location, at x/c = 0.3 inside the duct, was also analysed for the
same three grids (Fig. 5.22). These grids are the medium mesh (3), and the meshes with extreme levels of
refinement in this convergence study: mesh 1 and mesh 6. From Fig. 5.20, it can be noticed that the difference
in Cp, distributions for the three meshes is very small. However, in Fig. 5.20 it can be clearly noticed a
difference in the Cp,_distributions for the different grids. These results are specially interesting, considering
the fact that the relative difference in drag coefficient obtained with the different meshes is higher for Cp,
than for Cp, , as it was shown in Figs. 5.17 and 5.18. Relatively to the convergence of the axial velocity profile
at the propeller location, it is seen in Fig. 5.22 that the three grids result in the estimation of identical V,
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distributions. This indicates that even the coarsest grid used (grid 6) has a refinement which is acceptable for
the calculation of the axial velocity profile at the propeller location, for the case of the isolated circular duct.
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Figure 5.20: Convergence study of the isolated cir-
cular wing’s pressure coefficient chordwise dis-
tribution, with respect to grid element size. Re-
sults obtained with 3D simulations.
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Figure 5.21: Convergence study of the isolated cir-
cular wing’s skin friction coefficient (in the x di-
rection) chordwise distribution, with respect to
grid element size. Results obtained with 3D sim-
ulations.
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Figure 5.22: Convergence study of the axial velocity distribution at the propeller
location (x/c = 0.3), inside the isolated circular duct, with respect to grid ele-
ment size. Results obtained with 3D simulations. The x axis shows the axial
velocity divided by the free-stream velocity (V,/Vp), and the y axis shows the
radial position inside the duct divided by the Xprop’s radius (r/Rp).
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5.2.2. VALIDATION

On the previous sections, the isolated circular duct (or ring wing) flowfields calculated from CFD were ver-
ified, and the main sources of numerical error were evaluated. This section addresses the validation of the
computed results. In order to validate the simulations, the estimated values of the isolated NACA0012 ring
wing’s total drag coefficient were compared against results found in literature regarding similar geometries.
The results from this research are compared against results from three other studies:

* wind tunnel simulation of a NACA0012 profile [10]. There are several differences between this study
and this thesis’ research. The most important differences are:

— the aim of the experiments was to study a NACA 0012 (2D) profile. The NACA 0012 is in fact a
different geometry from the ring wing investigated in this thesis, even though the airfoil section
is the same. The ring wing would be expected to result in a higher pressure drag on each section,
due to a blockage effect.

— the ratio of inertial forces to viscous forces (Reynolds number) is different in the two cases. In this
research, the Reynolds number based on the ducts’ chord length was Re = 0.45x 10° (Re definition
was shown in equation 4.7). NACA’s report [10] includes results for the C; of the NACA0012 profile
at Re = 0.17 x 105, Re = 0.33 x 10°® and Re = 0.66 x 10 (amongst others). However, the difference
between the values shown for Re = 0.33 x 10° and Re = 0.66 x 105 appears to be very small (at
a = 0°) relatively to the accuracy with which it is possible to read the values shown in the report.
Being conservative, it can be considered that the uncertainty in reading the C; from the report is
+0.002.

— in the CFD calculation, the effect of turbulence is modelled by the k — w SST turbulence model.
On the other hand, in NACA’s wind tunnel experiments all range of turbulent structures (for each
Re) are present and affect the solution.

* wind tunnel simulation of a wing ring with the same airfoil, NACA0012, and aspect ratio, AR = 2 [55].
There are also differences between this research and this thesis’ simulations. One should highlight:

— the Reynolds number is also different in the two cases. The Reynolds number in the experiments
was lower: Re = 0.17 x 108 [55]. This difference is expected to result in a higher Cp of the ex-
periments, since NACA’s report shows a considerable decrease in the 2D drag coefficient of the
NACAO0012 airfoil as the Reynolds number increases from Re = 0.17 x 10° to Re = 0.33 x 105.

— the ring wing used in the experiments is supported by a structure which can cause a blockage
effect at the ring wing’s trailing edge. This difference is also expected to increase the drag of the
ring wing obtained from the experiments. According to Traub, the only corrections made to the
measured values were wind tunnel wall corrections [55].

* CFD computations with a NACA0012 ring wing with the same aspect ratio as studied in this thesis,
AR =2 [25]. This study is the most similar to the investigation carried out during this thesis. However,
there are still several differences regarding how the flowfield was modelled in CFD:

— Kanoria and Damodaran’s study was done based on unsteady incompressible RANS equations.
On the other hand, the simulation of the isolated ducts in this thesis was done using steady com-
pressible conditions, as it was previously referred. However, the unsteady effects present on the
RANS flowfield of a NACA 0012 profile at @ = 0° are expected to be very small. The only unsteady
aerodynamic phenomenon expected is the separation at the trailing edge, which can originate
trailing edge vortex shedding (phenomenon studied e.g. by [1]). Furthermore, the effect of com-
pressibility in these simulations is also small, since the free-stream Mach numbers are M, = 0.09,
for this thesis computations, and would be M., = 0.12 for the literature’s computational study;,
assuming sea-level conditions.

— the Reynolds number on Kanoria and Damodaran’s simulations was Re = 0.26 x 10% [25]. This
lower Re could in fact lead to a higher drag of the duct, as discussed before.

— the turbulence model used by Kanoria and Damodaran is also different: the one-equation Spalart
and Allmaras’ turbulence model. The difference in turbulence models is also expected to cause
differences in the drag coefficient results.
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— the domains used are also different. Whereas in this thesis it was simulated one quarter of the duct
geometry (in the 3D simulation), the simulations shown in literature were made with one half of
the duct model, so that it would be possible to study the effect of changing a. Furthermore, in
Kanoria and Damodaran’s study the inlet and far field boundaries were place 5 duct chords away
from the geometry, whereas the outlet was placed 10 duct chords downstream. In this thesis, the
distances used to the boundaries of the domain were double, which is expected to result in a lower
influence of the conditions imposed at the boundaries on the flowfield in the vicinity of the ring
wing.

Based on the information taken from the studies described above, Figure 5.23 was generated in order to
compare the drag estimated from the different sources. The values shown in Fig. 5.23 refer to the drag coeffi-
cient of the NACA 0012 airfoil at two Reynolds number, and to the values of average section drag coefficient,
Cg4, from the estimations with the NACA 0012 ring wing. From the results of this thesis, C; is simply equal
to Cb, since the reference area used to calculate Cb is the perimeter of the duct times the chord, which is
constant (see equation 5.5).

Figure 5.23 clarifies that there is indeed a that there is a considerable decrease in C; of the NACA 0012 from
Re =0.17 x 10% towards Re = 0.33 x 10%. However, the airfoil’s drag almost doesn’t change from Re = 0.33 x 108
towards Re = 0.66 x 10°. The drag of the ring wing tested by Traub appears to be considerably larger than the
drag of all the other cases shown. For this, it has contributed the relatively low Reynolds and the blockage
caused by the support structure, as previously discussed. The C; calculated from Kanoria and Damodaran’s
appears to be the same as the sectional drag coefficient estimated by NACA for the airfoil at a higher Reynolds.
This result is considered to be strange, since the NACA 0012 ring wing should have a higher drag, due to
blockage. Still, a relatively high numerical error in the computation could explain this result. The results
shown from this thesis, relative to the 2D and 3D simulations, appear to be in agreement with each other.
However, this thesis’ results do not perfectly match any of the other results. Still, it is understandable that
the C; estimated in this thesis for the ring wing is higher than the airfoils’ C;, at the same Reynolds. The
fact that the C,; calculated in this research is lower than the value calculated by Traub also makes sense, due
to the higher Reynolds (in this research) and to the higher blockage in Traub’s experiment. Concluding, it
is impossible to be perfectly sure that the simulations carried during this thesis are in agreement with the
results from literature. However, the differences can be considered acceptable, taking into account that the
estimation methods used in each case are very different, as previously discussed.
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Figure 5.23: Validation of the isolated circular duct (or ring wing) simulations. The Figure com-
pares values of average section drag coefficient from different sources.

5.3. SQUARE DUCT

In the present section, the results obtained from the simulation of the isolated square duct are shown and
discussed. Firstly, the results obtained with the grid with a medium refinement are presented. Afterwards, in
sub-section 5.3.1, it is discussed the effect of modifying the grid element size on the results. In Figs. 5.24 and
5.25 it is shown, respectively, the pressure coefficient and normalised axial velocity contours around the duct,
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at the symmetry plane (at the plane where 6 = 0°). It can be understood that the two contours are similar to
the equivalent contours for the circular duct (Figs. 5.11 and 5.12). In this way, there is a higher decrease of C,
inside the duct than outside, associated with higher axial velocities inside the duct. As it was previously dis-
cussed, the change in axial velocity at the propeller location was expected to impact its performance. In Fig.
5.24, it is also shown the location where it were made two other planes to analyse the flowfield: at x/c = 0.3
(propeller location), and at x/c = 0.99 (duct’s trailing edge). In Fig. 5.25, it can also be seen the edge of the
square duct’s boundary layer, since it is shown the location where the total pressure coefficient is 0.98, thus
98% of the free-stream C),,.

Figures 5.26 and 5.27 correspond to contours at a plane that passes through the centre and the corner of
the square duct (the plane where 6 = 45°). Figures 5.26 and 5.27 show, respectively, C, and V,/V, contours.
Comparing Figs. 5.24 and 5.26, it can be understood that the pressure fields are different for 8 = 0° and
0 = 45°. At the corner of the duct, the pressure coefficient reduces more than at the plane of symmetry, inside
the duct. Outside the duct, however, C, is lower at the plane of symmetry. This is due to the fact that there
is a higher contraction of the flow at the duct’s corner inside the duct, and a lower contraction outside. This
difference in the pressure field also leads to a slight movement of the stagnation point (where C, = 1) from
the leading edge, at 8 = 0°, to the inside of the duct, at 8 = 45°. Comparing Figs. 5.25 and 5.27, it can be
understood that the lower Cj, values inside the duct, near its corner, is also associated with an increase of the
axial velocity. However, this increase in V, at the corner was not expected to directly impact the performance
of the propeller, since it occurs outside of the propeller disk. It was expected, however, that this phenomenon
could have an impact on the overall performance of the square ducted propeller system. Moreover, in Fig.
5.27 it is also shown the edge of the duct’s boundary layer. By comparing with Fig. 5.25, it can be understood
that the duct’s boundary layer is significantly larger inside the duct at its corner (where 8 = 45°) than at the
symmetry plane (where 6 = 0°). This is consistent with the literature that can be found regarding corner flow.
As it was discussed in section 2.2.5, the boundary layer is expected to be higher at a corner between two
surfaces.
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Figure 5.24: Pressure coefficient Cp) distribution in the
vicinity of a square duct section. The contour is located at the
symmetry plane (6 = 0°). Results obtained with the medium
mesh. It is also represented the location where two other

Figure 5.25: Axial velocity (V) distribution, normalised with
the free-stream velocity, Vj, in the vicinity of a square duct
section. It is also shown the location where the total pres-
sure coefficient is 98% of its free-stream value, i.e. where

planes used to analyse the flowfield are located: at x/c = 0.3
and at x/c=0.99.

Cp, =0.98. Cp, is 0.98 at the edge of the boundary layer. The
contour is located at the symmetry plane (6 = 0°). Results ob-
tained with the medium mesh.

Figures 5.28 and 5.29 show normalised axial velocity contours at two planes, x/c = 0.3 and x/c = 0.99,
respectively. The lines of constant total pressure coefficient, where C,, = 0.98, are shown as well. Moreover,
from Fig. 5.28 it can be understood how the azimuthal position 8 was defined. It is shown the locations where
6 = 0° and where 8 = 45°. In Fig. 5.29, it is also shown different locations where it were made slices to evaluate
the flowfield near the duct’s surface. These slices were made based on the non dimensional spanwise position
at the square duct, ¢, which was defined as:

b= 1p!(Pgduct!4) (5.15)

where I, is the distance along the perimeter of the duct from (y, 2) = (Cgucr,0), and pgaycr is the perimeter of



70

5. ISOLATED DUCTS CHARACTERISATION

2 Cp1[-]

05

Radial coordinate r/c [-]

ol vy e SRR )

0 0.5 1 15 2
Axial coordinate x/c [-]

Figure 5.26: Pressure coefficient (Cp) distribution in the
vicinity of the square duct corner section. The contour is lo-
cated at the plane that passes through the centre of the duct
and through its corner (6 = 45°). Results obtained with the
medium mesh.
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Figure 5.27: Axial velocity (V) distribution, normalised with
the free-stream velocity, Vj, in the vicinity of the square duct
corner section. It is also shown the location where the total
pressure coefficient is 98% of its free-stream value, i.e. where
Cp, =0.98. Cp, is 0.98 at the edge of the boundary layer. The

contour is located at the plane where 6 = 45°. Results ob-
tained with the medium mesh.

the square duct. It should be noticed that, for the square duct, the spanwise locations ¢ =0, ¢ = 0.5, p =1
are, respectively, at the azimuthal positions 8 = 0°, 6 = 45° and 0 = 90°. However, slices made at the duct at
different ¢ (e.g. ¢» = 0.25) do not have all points at a constant 8. On the other hand, for the circular duct, any
spanwise location for a slice at 0 < ¢ < 1 corresponds to a constant azimuthal location at 0° < ¢ < 90°, with
0 =¢ x90°.

From Fig. 5.28 it can be understood that, at the propeller location, the axial velocity profile (versus radial
position) is not uniform, i.e. it is not constant for varying . Even though V, is highest at the corner of the
duct, it can be seen in Fig. 5.28 that the axial velocities at the propeller disk decrease from 6 = 0° or 6 = 90°
towards 6 = 45°. From this consideration, it could be expected that the propeller blade loading would be
highest when the blade would be at 8 = 45°. However, there are other phenomena that can affect the loading
of the blades differently. For example, the tip clearance effect was expected to be highest when the blade is at
0 = 0° or 90°. As it was discussed in 2.2.3, the loading at the blade’s high radial locations can increase when
the gap between the blade tip and its duct is small.

At x/c = 0.3 the duct’s BLis too thin to be properly noticed in the contour of Fig. 5.28. In Fig. 5.28, however,
it can be seen that the boundary layer thickness varies for different spanwise locations. More specifically, it
can be noticed that the boundary layer inside the duct is larger at the corner than at the centre of the duct.

In Figs. 5.30 and 5.31, it is shown, respectively, the pressure coefficient and axial skin friction coefficient
chordwise distributions. These distributions are shown for 3 duct spanwise locations (which were shown in
Fig.5.29): at ¢ = 0 (at the symmetry plane), at ¢ = 0.25 and at ¢ = 0.5 (at the corner). Figure 5.30 shows that
the C, chordwise distributions are very similar for ¢ = 0 and ¢ = 0.25. However, the C,, distribution at the
corner location (¢ = 0.5) is very different from the duct’s C}, distribution away from the corner. At the corner’s
inner surface, the suction peak is considerably larger, and it is located more downstream. At the corner’s inner
surface, the lowest Cj, is reached at x/c = 0.2. At the corner’s outer surface, however, the suction peak moves
closer to the leading edge. The change in axial location of the suction peaks at the corner is associated with
the movement of the stagnation point, which also moved slightly, along the leading edge of the corner’s inner
surface. In this way, the conclusions made from Fig. 5.30 are in agreement with what can be seen in the C,
contours of Figs. 5.24 and 5.26.

When analysing Fig. 5.31, it easy to notice the large "noise" in the results for the slice made at the corner
of the square duct (¢ = 0.5), more specifically at its inner surface. This region of large "noise" in the Cp,
distribution corresponds with the region where it was used an unstructured mesh at the duct’s surface (shown
previously in Fig. 4.14). As it was discussed in section 4.5, it was not expected that using an unstructured
mesh at the duct’s corner would be ideal. Still, this type of mesh was used in regions where the computational



5.3. SQUARE DuUCT

Level Cpt[-]
1 0.98

9
©

Va/Vvo []

1=
o

Vertical coordinate y/c [-]
)
'

e
N

-0.5
Lateral coordinate z/c [-]

Figure 5.28: Axial velocity distribution, normalised with the
free-stream velocity, in a plane perpendicular to the square
duct, at the propeller location (x/c = 0.3). It is shown the lo-
cation where Cp, = 0.98 . Results obtained with the medium
mesh. Moreover, it is also represented locations where it were
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Figure 5.29: Axial velocity distribution, normalised with the
free-stream velocity, in a plane perpendicular to the square
duct, at the trailing edge location (x/c = 0.99). It is shown the
location where Cp,, = 0.98. Results obtained with the medium
mesh. Moreover, the figure shows locations where it were

made slices to evaluate the results at the duct (¢ =0, ¢ = 0.25,
¢=05and p=1).

made planes to evaluate the results (0 = 0°, and 0 = 45°).

geometry had a high degree of complexity, such as the corner of the square duct. Despite of the "noise" found
in the Cy, chordwise distributions, it can also be noticed that the skin friction distribution is similar for the
slices at ¢ = 0 and ¢p = 0.25. However, the corner slice (¢ = 0.5) shows a different trend. At the inner surface of
the corner, skin friction drops more rapidly, which is normal since the corner’s boundary layer grows faster,
at its inner surface. Moreover, it can also be seen that the skin friction coefficient drops to negative values
near the trailing edge. This indicates that there is flow separation at the inner surface of the duct’s corner.
The occurrence of flow separation can be justified by the higher suction peak at this location, which leads to
a higher adverse pressure gradient, and also by the higher thickness of the boundary layer at this location,
which makes the BL more prone to separation. Flow separation at the corner can have adverse effects on the
aerodynamic performance of the square duct. Indeed, this effect can lead to a higher pressure drag of the
component, increasing its overall drag.
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Figure 5.31: Axial skin friction coefficient distribution at three
sections of the square duct, versus chordwise position, x/c.
Results obtained with the medium mesh. The three sections
correspond to cuts of the duct at three different planes: at ¢ =
0,¢=0.25and ¢ =0.5.

Figure 5.30: Pressure coefficient distribution at three sections
of the square duct, versus chordwise position, x/c. Results
obtained with the medium mesh. The three sections corre-
spond to cuts of the duct at three different planes: at ¢ =0,
¢$=0.25and ¢ =0.5.

Figures 5.32 and 5.33 show the thickness of the boundary layer over the square duct, at three spanwise lo-
cations: at ¢ =0, ¢» = 0.25 and ¢ = 0.5. Figure 5.32 relates to the inner surface of the duct, and Fig. 5.33 relates
to its outer surface. For comparison, the average BL thickness over each surface of the isolated circular duct
is also plotted, as well as the thickness of the turbulent boundary layer over a flat plate with zero pressure
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gradient. From Fig. 5.32, it is interesting to notice that the boundary layer thickness at ¢ = 0 and ¢ = 0.25 is
very similar to the BL thickness over the inner surface of the circular duct. However, at the inner surface of
the square duct’s corner, the BL thickness grows considerably larger. The faster growth of the corner layer can
be noticed from x/c = 0.2. At the trailing edge (x/c = 1), the BL at the corner’s inner surface is approximately
74% larger than the thickness of the turbulent BL of a flat plate. The corner’s large BL is one of the reasons
why separation occurs at the duct’s corner, as it was previously discussed. In Fig. 5.33, it can be noticed that
the outer BL at ¢ = 0 and ¢ = 0.25 is also similar to the circular duct’s outer BL, despite being slightly thinner.
At the corner, however, there is a more noticeable difference regarding the height of the outer surface’s BL
thickness. Due to the corner’s curvature, the BL grows less than for other spanwise locations. This is the op-
posite phenomenon of what happens at the BL of the corner’s inner surface, where the proximity of different
surfaces leads to a thicker BL.

Figure 5.32 shows axial velocity profiles versus radial position, for the flow inside the duct, at the pro-
peller’s chordwise location (x/c = 0.3). The results are shown for different azimuthal locations: 6 = 0°, 8 = 30°
and 0 = 45°. The average axial velocity profile at the propeller disk is also shown, as well as the average V, pro-
file at an equivalent location inside the isolated circular duct, for comparison. Firstly, it is interesting to notice
that the axial velocity decreases, at the propeller disk, towards the corner’s azimuthal position (6 = 45°). This
phenomenon is expected to cause variations in the blade loading, during its rotation. However, the highest
axial velocities are found for 6 = 45° at high radial positions, outside of the propeller disk (r/Rj, > 1). These
findings are in agreement with what was discussed with respect to the V,;/Vp and C, contours shown ear-
lier in this section. By comparing with the V,, profile inside the circular duct, it can be understood that the
average axial velocity is lower at the propeller disk in the square duct. This was expected to contribute to a
higher loading of the propeller when placed inside the square duct, assuming that the same blade pitch and
rotational speed would be used in both installed cases.
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Figure 5.32: Square duct inner boundary layer height, at
three different spanwise locations, versus chordwise posi-
tion. The results obtained with the medium mesh are com-
pared against Blasius’ solution for the turbulent BL height
over a flat plate, with zero pressure gradient. The results cor-
respond to cuts of the flowfield at three different locations: at
¢$=0,¢=0.25and ¢ =0.5.

Axial coordinate x/c [-]

Figure 5.33: Square duct outer boundary layer height, at
three different spanwise locations, versus chordwise posi-
tion. The results obtained with the medium mesh are com-
pared against Blasius’ solution for the turbulent BL height
over a flat plate, with zero pressure gradient. The results cor-
respond to cuts of the flowfield at three different planes: at
¢=0,p=0.25and ¢ =0.5.

5.3.1. MESH CONVERGENCE STUDY

In this section, it is discussed the grid convergence study of the square duct. For this convergence study;,
4 different grids were used. The convergence study for the square duct has the particularity of having the
grid with a medium refinement as the finest grid used (grid 1). Similar mesh settings were used to mesh the
isolated square and circular ducts with their own medium grids. However, the square duct’s medium mesh
has considerably more elements, almost as many elements as the finest mesh used in the circular duct’s grid
convergence study (around 12 million). This is due to the fact that a very large number of cells was required
to properly mesh the square duct’s corner. The larger number of elements results in an increase in computa-
tional cost of the simulations. In Table 5.5, it can be seen several characteristics of the different meshes used:
the level of refinement, the number of elements, and their relative cell size with respect to the cell size of the
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Figure 5.34: Axial velocity profile, normalised with the free-stream velocity, inside the square duct,
at the propeller location. Results obtained with the medium mesh. The results correspond to three
cuts of the flowfield at three different locations: at 8 = 0°, 6 = 30° and 6 = 60°. The average velocity
profile at the propeller disk location is also shown. The average velocity profile at an equivalent
location inside the circular duct is plotted as well, for comparison.

finest grid, h;/h;. The pressure, friction and total drag coefficients calculated with each grid are shown as
well. Moreover, their extrapolated exact values are also shown. The estimated exact values shown are relative
to 2 different fits: one is the best fit, with an unconstrained observed order of convergence, p, and the second
fit was obtained assuming p to be equal to the theoretical order of convergence. The theoretical order of con-
vergence is 3, since the discretization schemes used in the simulations were 3" order schemes. It should be
noticed that the exact value estimated for Cp,,,,, with the best fit is very unrealistic, since the observed order
of convergence for this fit is extremely low.

The observed order of convergence of each fit, along with its standard deviation, Uy, are shown in Table
5.6. The relative difference between each estimated exact drag coefficient and the value obtained for the
medium grid, drg,1, is also shown. It should be noticed that the observed order of convergence for the best
fits of Cp, and Cp, are considerably higher than the theoretical order of convergence, which leads to an
underestimation of dgg,;1. This motivated the calculation of fits with p = 3, which lead to more conservative
error estimations. Moreover, Table 5.6 also shows the relative uncertainty of the calculation of each drag
coefficient with the medium mesh, Uy ;. The uncertainty was not estimated equally for the three cases. For
Cp, and Cp,, the uncertainty was calculated from equation 5.14. For Cp,,,,,, the uncertainty was calculated
from:

U¢:min(6RE+ U, 1.25A) , (5.16)

where A)y is the maximum difference between all solutions available. This was done in agreement with the
recommendations found in [33], for the cases when the observed order of convergence is positive, but bellow
0.95. In this specific case:

Ap =1.25|Cp,1011 — CD,orars] - (5.17)
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Square duct - grid converge study

Mesh Refinement  #ofelements hi/h [-]  Cp, [-] Cps -] Cpypyy 17

4 Super coarse 5.232 x 10° 1.331 0.011537 0.027450  0.038987

3 Very coarse 7.082 x 108 1.203 0.010516 0.028762  0.039279

2 Coarse 9.260 x 10° 1.100 0.010286 0.028637  0.038924

1 Medium 12.342 x 10° 1 0.009870  0.029042  0.038912

0 (Best fit) - 00 0 0.009672  0.028879 -0.000107

0* (Fit with p =3) - 0 0 0.008638 0.030227 0.038866

Table 5.5: Grids used for the convergence study with the isolated square duct, and the drag coefficients on the

duct. Two different extrapolated values are shown for each drag coefficient. The first one (on the second last

row) corresponds to an extrapolation with the best fit, and the second (last row) corresponds to a fit where p
was constrained to 3, the theoretical order of convergence.

Square duct - grid converge study

Fit Quantity C D, Cp ; Cp,
p 6.926 21.017 0.0148
Us [%] 1.548 0.956 0.697
OrEe [%] -2.011 -0.561 -100.276

Best fit

(Unconstrained p)

Fit with the theoretical order
Us* [%] 2.319 1.754 0.721

Ofp, (%] -12.480  4.081  -0.120
Overall Uncertainty Up,1 [%] 21.108 6.855 1.177

of convergence (p = 3)

Table 5.6: Grid convergence study performed for the simulation with the square duct, considering the pressure,
friction and total drag coefficients on the duct. For the best fit, and for the fit with p = 3, it is shown the
standard deviation of the fit, Us, and the error of the medium mesh with respect to the extrapolated value,
OrE,1, both in percentage of the drag coefficient obtained for the medium mesh. The overall uncertainty of
the drag coefficient obtained with the medium mesh, Uy, is shown in the last row. The equation used to
calculate Uy ; for each drag coefficient is specified in the text.

In Figs. 5.35, 5.36 and 5.37, it is shown the plots relative to the convergence study of CDp, Cp B and Cp,,,,;»
with respect to grid element size. In this way, the lines relative to the best fit and to the fit with p = 3 are
plotted as well. For the Cp, and Cp, plots, it is clear that the best fit curve leads to under predictions of the
discretization error of the grids, since it shows very small variations for 0 < h;/h; < 1. It is also interesting
to notice that, for the grids used, Cp,,,,, shows a very small variation with respect grid element size. This is
mainly due to the fact that decreasing the element size led to reductions of CDn’ at the same time as it led to
an increase in CDf. Since Cp,,,,, = CDp + CDf, the variation of Cp,,,, is less noticeable, in this case. This also
led to an calculation of a very low uncertainty of the estimation of Cp,,,,, with mesh 1, in comparison with
the uncertainty in the estimation of the pressure and friction drag coefficients.

In Figs. 5.38 and 5.39, it is shown,respectively, the convergence of the pressure and axial skin friction
chordwise distributions, with respect to grid refinement. The distributions shown are the average of the dis-
tributions for the spanwise locations ¢ = 0, ¢ = 0.25 and ¢ = 0.5. From Fig. 5.38, it can be understood that the
difference in C), chordwise distribution between different grids is very small, even for the coarsest grid used.
With Fig. 5.38, it is possible to understand that the usage of grids 1 and 2 lead to similar Cy, distributions,
despite of the "noise" that is found in these distributions, specially at the inner surface of the duct. The grid
element size was also found to have an influence in the "noise" seen in the C, and Cy, distributions, since it
was found that coarser grids would lead to stronger peaks, in the "noise". This can be seen in section A.2 of
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Figure 5.35: Convergence study of the isolated
square duct’s pressure drag coefficient, with re-
spect to grid element size. It is shown the rela-
tive difference to the value calculated with mesh
1 (medium refinement), CDp,1 .
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Figure 5.36: Convergence study of the isolated
square duct’s friction drag coefficient, with re-
spect to grid element size. It is shown the rela-
tive difference to the value calculated with mesh
1 (medium refinement), Cp e
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Figure 5.37: Convergence study of the isolated square duct’s total drag coefficient,
with respect to grid element size. It is shown the relative difference to the value
calculated with mesh 1 (medium refinement), Cp,,,,,;, -

the appendix, where there are presented additional plots showing the C, and Cy, distributions obtained with
each of the four grids, for each of the three slices (¢ =0, ¢ =0.25 and ¢ = 0.5).

In Fig. 5.40, it is presented the mean axial velocity profile at the propeller disk, for three different grids:
grid 1 (medium refinement), grid 2 (coarse) and grid 4 (super coarse). It can be understood that the refine-
ment of the mesh does not have a strong influence in the calculation of V;; at the propeller location, since it
is difficult to notice differences in the results from the three grids. However, the same can not be said with re-
spect to the estimation of the duct’s BL thickness with these grids. With Fig. 5.41, itis possible to compare the
BL thickness over the inner and outer surfaces of the square duct, for the medium, coarse and super coarse
grids. The results shown in Fig. 5.41 are an average of the results obtained at the spanwise locations ¢ = 0,
¢ =0.25 and ¢ = 0.5. Firstly, it is clear that the usage of the super coarse grid leads to very different estima-
tions than the other two grids. Grids 1 and 2 also lead to slightly different predictions of the BL thickness, for
both the inner and outer surfaces of the duct. However, this discretization error had to be accepted. Since
Grid 1 already had a considerably large number of elements, further increasing the refinement of the mesh
would lead to excessive computational costs.
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wise distribution, with respect to grid element
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Figure 5.40: Convergence study of the average axial
velocity profile inside the square duct, at the pro-
peller location, with respect to grid element size.
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ISOLATED PROPELLER PERFORMANCE

After having discussed the aerodynamic behaviour of the two isolated ducts, circular and square, it is rele-
vant to present and discuss the aerodynamic performance of the isolated propeller. Firstly, the results from
the simulation of the isolated propeller with the conventional domain are shown in section 6.1. The results
obtained with the conventional domain are also compared against results from two other methods, wind
tunnel experiments and XROTOR, for validation. Afterwards, the results from the Xprop’s simulation with the
radially small propeller domain are discussed in section 6.2.

6.1. ISOLATED XPROP - CONVENTIONAL PROPELLER DOMAIN

As it was previously discussed, the Xprop was first simulated with a conventional propeller domain, i.e. with
a domain with a radius considerably larger than the propeller radius (shown in Figs. 4.7a and 4.7b). After-
wards, the Xprop was also simulated in an isolated case with a radially smaller propeller domain, which was
then used for the installed propeller simulations. The results obtained with the small propeller domain, for
the uninstalled case, are shown in the next section (6.2).

For understanding and verifying the flowfield around the Xprop, it is first looked at the total pressure
coefficient, static pressure coefficient, and normalised axial and tangential velocity contours around the sim-
ulated blade, from the steady simulation. The contours were therefore recorded at the blade’s azimuthal loca-
tion, 6 = 45°. Since the vorticity generated by the propeller has a strong influence in its flowfield, the isolines
of constant total vorticity coefficient, C,, = 0.5 and C,, = 1, are also plotted. The total vorticity coefficient
was defined as:

Cury = o 6.1
0= 50" (6.1)
where w, stands for magnitude of vorticity, and Q is the angular velocity of the propeller, in rad/s. 20 is the
vorticity of a rigid body, e.g. a propeller, rotating with an angular velocity Q.

The Cp,, Cp, V4/ Vo and V;/Vp contours around the propeller are shown, respectively, in Figs. 6.1, 6.2, 6.3
and 6.4. Firstly, it can be understood from the C,, contours that there is a total pressure jump at the pro-
peller location. This matches what can be found in literature regarding propeller aerodynamics (shown in
Fig. 2.3). As referred in section 2.1.3, the jump in total pressure at the propeller’s axial location is associated
with a jump in static pressure (seen in Fig. 6.2), whereas there is no jump in axial velocity at the propeller disk,
which matches with the contours of Fig. 6.3. Moreover, it is also shown that the C, decreases upstream of the
propeller, towards its disk, and also downstream of the propeller, after the pressure jump, until C, reaches its
free-stream value, C, = 0. The decrease in static pressure, both upstream and downstream of the propeller,
is associated with an increase in axial velocity, seen in Fig. 6.3. These trends in Cj, and V,, also match what
could be predicted from aerodynamic theory, according to Fig. 2.3. Moreover, Fig. 6.4 shows an increase in
tangential velocity (in module) at the propeller disk, in the propeller’s direction of rotation. Furthermore, it
can also be noticed the influence of the blade tip vortices in the propeller’s slipstream. In Fig. 6.2, it can be
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78 6. ISOLATED PROPELLER PERFORMANCE

noticed a lower static pressure in the core of the vortices generated at the blades’ tip. It can also be seen (in
Fig. 6.3) an influence of these vortices in the axial velocity, increasing V, at lower radial positions of each
vortex and decreasing V,, at higher radial positions of the vortex. This effect of the tip vortices in V, indicates
the direction of the vorticity vector component perpendicular to the plane of study, and matches with what
would be expected from a vortex caused by the movement of the flow from a blade tip pressure surface to its
suction surface.

However, there is one characteristic of the flowfield which does not appear to match what is described in
theory as clearly. More specifically, it can be seen in Fig. 6.1 that the total pressure is decreasing upstream of
the propeller, towards its disk. On the other hand, total pressure was described in section 2.1.3 to be constant
and equal to the free-stream P; until the static pressure jump occurs at the propeller disk (see Fig. 2.3). To
further investigate this phenomenon, the Cy, contours at a plane 10% duct chord upstream of the propeller
blades (x/c = —0.1) are shown in Fig. 6.1. It can be understood that, at this axial location, Cp, varies between
values considerably higher and lower than the free-stream (Cp,., = 1). Knowing that the blade, in this steady
simulation, is located at 6 = 45°, it is possible to understand that the region in Fig. 6.1 with a total pressure
deficit matches with the region of lower static pressure, under the influence of the blade’s suction surface.
At azimuthal locations further away from the blade, however, it can be seen that C,, is higher than its free-
stream value. In order to further understand this phenomenon, it were made 180 slices at different azimuthal
locations, spaced by A8 = 0.5°, at the plane characterized by x/c = —0.1. At each slice, it was recorded the
Cp, profile, which can be seen in Fig. 6.6. With this image, it is more clear that the total pressure of the flow
at x/c = —0.1 reaches values lower than the free-stream total pressure by a difference larger than 2q,, where
oo is the free-stream dynamic pressure, since Cp, reaches values lower than -1. On the other hand, there are
also azimuthal locations where the total pressure reaches values higher than P;., by a factor of 0.5¢.,, when
Cp, > 1.5. These differences in total pressure with respect to P, are too large to be considered negligible,
or even to be simply attributed to a numerical discretization or iterative error. In this way, it was plotted in
figure 6.6 the average of the Cy, profile at x/c = —0.1. Since the mean C,, profile is constant and equal to the
free-stream total pressure coefficient, for all radial positions evaluated, it can be concluded that the results
from this steady CFD simulation of the propeller are in fact in agreement with aerodynamic theory described
in section 2.1.3.
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Figure 6.1: Total pressure coefficient, Cp;) distribution in the Figure 6.2: Pressure coefficient, C. P distribution in the vicinity of
vicinity of the isolated propeller. The lines of constant vorticity the isolated propeller. The lines of constant vorticity coefficient,
coefficient, for C,, = 0.5 and C,, = 1, are also shown. The con- for Cy, = 0.5 and C,, = 1, are also shown. The contour is located
tour is located at the azimuthal position of the blade, 6 = 45°. Re- at the azimuthal position of the blade, 8 = 45°. Results obtained
sults obtained using the medium mesh, for the conventional pro- using the medium mesh, for the conventional propeller domain.
peller domain.

In order to understand why total pressure can not be constant and equal to Py, everywhere upstream of
the blades, it should be noted that the propeller is moving with respect to the referential used to analyse the
simulations, due to its rotation (even though the solver Fluent considered a different referential to calculate
the flowfield with a steady computation). As an example, the inviscid flowfield around an isolated flying wing
has a constant total pressure, if it is analysed with a referential that moves with the wing, as it is commonly
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Figure 6.3: Axial velocity, V, distribution, normalised with the
free-stream velocity, V), in the vicinity of the isolated propeller.
The lines of constant vorticity coefficient, for C,, = 0.5and Cy,, =
1, are also shown. The contour is located at the azimuthal posi-
tion of the blade, 6 = 45°. Results obtained using the medium
mesh, for the conventional propeller domain.
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Figure 6.4: Tangential velocity, V¢, distribution, normalised with
the free-stream velocity, Vj, in the vicinity of the isolated pro-
peller. The lines of constant vorticity coefficient, for C,, = 0.5
and Cy, = 1, are also shown. The contour is located at the az-
imuthal position of the blade, 6 = 45°. Results obtained using the
medium mesh, for the conventional propeller domain.

done. However, if the same flowfield is analysed with a referential which is not moving with respect to the
free-stream air, the flow’s total pressure will vary along the flowfield. In the later case, the flow’s free-stream
total pressure will be equal to the free-stream static pressure, since (vo, = 0m/s). However, the flow’s static
pressure at the wing’s leading edge "stagnation point" would be higher than the free-stream P, meaning that
the flow’s total pressure would have to be higher as well. On the other hand, at the wing’s suction surface,
where the static pressure is lower than the free-stream Pg, the flow’s total pressure would be lower than the
free-stream total pressure, despite the increase in dynamic pressure in this region.

~

A0 0N

-

Vertical coordinate y/Rp [-]
o o o
S [} [e2]
frme
oo ws o

o
S

-1 0.5
Lateral coordinate z/Rp [-]

Figure 6.5: Total pressure coefficient, Cp,, distribution up-
stream of the isolated propeller. The contour is located 10%
duct cord (0.1¢g4y¢; = 0.107Rp) upstream of the blades. Re-
sults obtained using the medium mesh, for the conventional
propeller domain.

6.1.1. MESH CONVERGENCE STUDY
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Figure 6.6: Total pressure coefficient, Cp,, distribution upstream of
the isolated propeller, for 180 slices at different azimuthal positions.
The slices are located 10% duct cord (0.1¢,c¢ = 0.107R)) upstream
of the blades, and are spaced by A6 = 0.5°. The blue lines correspond
to the distributions over each of the 180 slices, and the black line cor-
responds to the average. Results obtained using the medium mesh,
for the conventional propeller domain.

Before this section, it were analysed the flowfield results from the Xprop’s steady simulation, in order to verify
that the results match with what could be expected from propellers’ aerodynamic theory, previously dis-
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cussed in section 2.1, based on findings from literature. In this section, it is proceeded for the evaluation of
the discretization error in the simulations. Firstly, it were analysed the variation of thrust and torque coeffi-
cients over the propeller, as well as the spinner’s thrust, with respect to grid element size. Secondly, it were
analysed the influence of the mesh size in the thrust and torque radial distributions over the simulated pro-
peller blade. Finally, it were analysed the changes, due to mesh size, in the C,,, Cp, V,/Vp and V;/Vy profiles
at different axial positions.

In Table 6.1, it can be seen the characteristics of the 3 grids used: their level of refinement, the number of
elements and their cell refinement ratio, with respect to the finest grid (grid 1), k;/h,. For each of the three
grids, it is also shown the thrust and torque coefficients of the propeller, as well as the thrust coefficient of the
spinner. The thrust coefficient of the propeller, T;, was separated into its pressure and friction components:

_pr _fo
+—
doSp  GooSp

Te=Te,+ Te; = (6.2)

where T¢, and T, are the pressure and friction thrust coefficients, and F,, and Fy, are the pressure and fric-
tion forces in the axial direction, respectively. It should be understood that the friction force of the flow over
the propeller in the axial direction actually points downstream (positive € in the coordinate system consid-
ered in this report). Therefore, the friction force over the Xprop is a contribution to the drag of the propulsor,
and T¢, was calculated to be negative.

Moreover, Table 6.1 also shows estimated exact values for the quantities referred. As it was discussed in
a previous section (5.1.1), the exact value ¢ is found along with the constant a and the observed order of
accuracy, p, by minimizing the function S(¢y, @, p) which was described in equation 5.9. For the convergence
study of the Xprop’s steady simulation, since it were used only three grids, it was possible to find an analytical
solution to minimize S(¢y, @, p), instead of a least squares root solution. For this reason, it is shown in Table
6.1 arow corresponding to the estimated exact value of each quantity, obtained with an analytical fit. For the
propeller’s torque coefficient, Q., however, it was not possible to find an analytical fit. In this way, ¢y, @ and
p were found with a least squares root approach, by finding a local minimum for S(¢pg, @, p). The estimated
exact value for Q. can also be seen in Table 6.1, in the row relative to the best fit. Moreover, it were also found
least square root solutions of S(¢y, &, p) for p = 3, being 3 the theoretical order of convergence of the sim-
ulations, which were performed with 3" 4 order discretization schemes. The estimated exact values of each
quantity, considering p = 3, are also shown in Table 6.1, in the last row.

Table 6.2 shows the characteristics of the several fits obtained during this mesh convergence study. The
table incles the observed order of convergence of each fit, the uncertainty, Us, (which is zero for the analytical
fits), and the estimated relative error of the value obtained for the medium mesh, with respect to the esti-
mated exact value, d gg,2. Moreover, it is also shown the convergence ratio, R, whcih was calculated from [33]:

_¢$2—

R .
¢35 — 2

(6.3)

According to Eca and Hoekstra [33], R is useful in a convergence study with set of three grids where hy/h; =
hs/ hy, which is approximately the case in the Xprop’s mesh convergence study. In this way, R was used to
classify the apparent convergence condition [33]:
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0 < R <1 = Monotonic convergence,

—1 < R < 0= Oscilatory convergence,

(6.4)
R >1 = Monotonic divergence,

R < -1 = Oscilatory divergence .

In this way, according to Table 6.2, the convergence of the propeller quantities T, T¢; and T, was classified as
monotonic divergence, whereas the convergence of the Xprop’s Q. was classified as oscillatory convergence,
and the convergence of the spinner’s T, was classified as monotonic convergence. These classifications in-
fluenced the way that the uncertainty, Uy, was calculated for each quantity. For the propeller quantities T¢,,

ch, T. and Q, since it was not observed a monotonic convergence, uncertainty was calculated for all grids
from:

Up =30, (6.5)

according to [33]. Ay is the maximum difference between all solutions available. However, it should be noted
that this method for estimating uncertainty (when monotonic convergence is not observed) does not appear
to be perfect, since it would have led to a higher uncertainty estimation if more grids had been used. For the
spinner’s T, since the converged was classified as monotonic and 0 < p < 0.95, uncertainty was calculated
with equation 5.16.

Isolated Xprop - grid convergence study

Propeller Spinner
Mesh Refinement # ofelements h;/hy [-] T, [-] ch [-] T: [-] Q¢ [-] Te [-]

3 Coarse 4.01 x 10° 1.59 1.1321 -0.00499 1.1271 0.378511 0.009735

2 Medium 7.96 x 108 1.27 1.1332 -0.00506 1.1282 0.378154 0.009728

1 Fine 16.18 x 10° 1 1.1347 -0.00514 1.1296 0.378176 0.009722

0 - 00 0 1.1268 -0.00958 1.1225 - 0.009689

(Analytical fit)

" 0Bestfiy - o o - - - " o0378161 = -
Uorwme -

le’e) 0 1.135324 -0.00518 1.1301 0.377998 0.009719

with p =3)

Table 6.1: Grid convergence study performed for the simulation with the isolated propeller, considering the
pressure, friction and total thrust coefficients on the propeller, the propeller’s torque coefficient and the spin-
ner’s thrust coefficient. Two different extrapolated values are shown for each drag coefficient. The first one
(on the second last row) corresponds to an extrapolation with the best fit, and the second (last row) corre-
sponds to a fit where p was constrained to 3, the theoretical order of convergence.
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Isolated Xprop - grid convergence study

Fit Quantity Tcp_pmp TCfvp,—op Tc,prop Qc,prop Tc,spinner

Analytical fit p -0.884 0.0733  -0.942 - 0.662
(Unconstrained p) Us (%l 0 0 0 . 0

O6pg2 [%] -0.567 89.115 -0.504 - -0.408
Best fit p - - - 14.955 -
(Unconstrained p) Us [l ) ) ) 0.00644 -
ORrE,2 [%] - - - 0.00185 -

T p* 3 3 3 3 3

Fit with the theoretical order
US* [%] 0.0415 -0.400 0.0399 0.0289 0.0131

5;?15 5 [%] 0.184 2.286 0.175 -0.0412 -
Convergence ratio R [-] 1.27 1.02 1.29 -0.062 0.89
Overall Uncertainty Up,> [%] 0.707 9.108 0.700 0.0950 0.00875

of convergence (p = 3)

Table 6.2: Grid convergence study performed for the simulation with the isolated propeller, considering the
pressure, friction and total thrust coefficients on the propeller, the propeller’s torque coefficient and the
spinner’s thrust coefficient. For each fit, it is shown the standard deviation of the fit, Uy, and the error of
the medium mesh with respect to the extrapolated value, 6 gg 2, both in percentage of the drag coefficient
obtained for the medium mesh. It is also shown the convergence ratio, R, for each quantity. The overall un-
certainty of the drag coefficient obtained with the medium mesh, Uy >, is shown in the last row. The equation
used to calculate Uy,» for each drag coefficient is specified in the text.

From this convergence study, it is interesting to notice that the estimated uncertainties are considerably
low for most of the quantities considered. Only for the propeller’s friction thrust coefficient the uncertainty is
larger than 1% of the value obtained with the medium grid (grid 2). Indeed, the uncertainty of the propeller’s
T¢; (Ugp,2 = 9%) appears to be significantly high. However, it can be understood from table 6.1 that the friction
force represents a relatively small contribution to the propeller’s total thrust. For grid 1:

Tc,l
—— x100% = 0.46% . (6.6)

Cf,l
In this way, it can be concluded that the thrust and torque of the Xprop, as well as the spinner’s thrust, are
well captured with the grid with a medium refinement, with a relatively low discretization error. The plots
relative to the Xprop’s steady simulation grid converge study are shown in the following Figure. Fig. 6.7 is
relative to the convergence of Tc,, ..., Tc; 00 Te,prop and Tc, ..., Each plot, besides showing the relative
difference of the value obtained with each grid with respect to grid 2 (medium refinement grid), also shows
either the analytical fit or the best fit with an unconstrained p, and the best fit with p = 3. It is interesting to
notice that, in Figs. 6.7a, 6.7b and 6.7c the fit with p = 3 appears to be more adequate to estimate the exact
value for each quantity, whereas the analytical fit appears to diverge to values very different that the values
obtained with the three grids. This matches with the classification of the convergence of the propeller’s T¢,,
T,; and T as monotonic divergence. In Fig. 6.7d, the fit with p = 3 also appears to be more adequate to esti-
mate the exact value of Q.. This is due to the fact that the apparent order of accuracy, p, for the convergence
of Q. was calculated to be too high (considerably larger than the theoretical order of the method). In this
way, the best fit for Q. is too optimistic, in the sense that it leads to an estimation of an exact value which is
too close to the values obtained with the three grids. For the convergence of the spinner’s 7,, which was the
only case where monotonic convergence was identified, it can be seen in Fig. 6.7¢ that the analytical fit also
leads to an acceptable estimation of the exact value, in this case also more conservative than the fit with p = 3.

After analysing the grid convergence of thrust and torque integrated over entire components, it is also
relevant to analyse the radial distributions of these quantities over the simulated propeller blade. Figure 6.8
shows, precisely, the thrust and torque distributions over a propeller blade for the three grids used in the
Xprop’s steady simulation. It can be understood that the distributions obtained from the three grids are very
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Figure 6.7: Convergence study of the isolated propeller’s blade pressure thrust coefficient (top-left), blade
friction thrust coefficient (top-middle), blade total thrust coefficient (top-right), blade torque coefficient
(bottom-left) and spinner total thrust coefficient (bottom-right), with respect to grid element size. It is shown
the relative difference to the value calculated with mesh 2 (medium refinement).

similar, which indicates a small discretization error. This conclusion is in agreement with the small uncer-
tainties previously estimated for the propeller’s overall T, and Q.. In Fig. 6.8 it is also interesting to notice the
sudden increase in loading at the propeller tip. This phenomenon was found to be caused by the blade tip
vortex, which impinges on the blades’ suction surface at the tip, locally increasing the loading. The pressure
at the blade tip suction surface is reduced when in contact with the vortex, since the blade tip vortex core is
characterized by a lower pressure (seen e.g. in Fig. 6.4). The lower pressure at the blade tip suction surface,
caused by the tip vortex, can be seen in Fig. 6.9. It is clear that there is a sudden low pressure peak at the
blade tip, downstream of the leading edge’s suction peak. In Fig. 6.12, it is shown the blade tip vortex, with an
isosurface of constant tangential vorticity coefficient, Co, ¢ ontiai+ Cotangensiar WS defined similarly to the total
vorticity coefficient, simply substituting total vorticity by tangential vorticity in equation 6.1. In this way, from
Fig. 6.12 it is possible to verify that the blade tip vortex indeed impinges on the blade’s tip suction surface, in
the region where it occurs a peak of low pressure.

Besides analysing the grid convergence of the forces and moments over the propeller, it is also relevant to
understand how the cell size influences the flowfield in the propeller’s stream-tube. For this reason, the flow-
fields calculated with the three grids were compared at different axial locations. These location were, with
respect to the propeller blades’s axial position: x/cgyc: = —0.1, Xx/cqyucr = 0.2 and x/c4y0: = 1. The locations
were defined with respect to the duct’s chord, instead of the propeller radius, for easier comparison with the
installed configurations. As it was previously referred, in the installed configurations, the propeller is located
at 30% duct chord. In this way, Figs. 6.11, 6.12, 6.13 and 6.14 show, respectively, the c¢,,, Cp, V,; and V; ra-
dial profiles for the three referred axial locations. Overall, it can be seen that in all plots it was found a good
agreement between the distributions calculated with the three grids. The most clear exception appears to be
found on the C, profiles downstream of the blades, at the blade tip vortex region. Indeed, in Fig. 6.12 it can
be noticed that the pressure deficit in the core of the vortex increases with cell refinement.

In the plot relative to Cp, (Fig. 6.11), it is also interesting to notice that the region of increased total pres-
sure moves towards lower radial positions from x/c = 0.2 to x/c = 1. This phenomenon is caused by the
slipstream contraction that occurs while static pressure reduces downstream towards Ps_ (Fig. 6.12), and
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Figure 6.8: Thrust and torque coefficient (T, and Q.) radial distributions over a blade of the isolated propeller,
for the three different grid refinements tested. The dashed lines correspond to the fine grid (grid 1), the
continuous lines correspond to the grid with a medium refinement (grid 2) and the dotted lines correspond to
the coarse grid (grid 3). The thrust distributions are represented with blue lines and the torque distributions
are represented with the red lines. Results obtained with the conventional propeller domain.
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Figure 6.9: Pressure coefficient, Cp, contours over the Xprop’s Figure 6.10: Blade tip vortex shown by an isosurface of con-
blade suction surface. Results obtained using the conven- stant tangential vorticity coefficient, C, tangential = 3. The

tional propeller domain, with the medium mesh. pressure coefficient, Cp, contours over the Xprop’s blade are

also plotted. Results obtained using the conventional pro-
peller domain, with the medium mesh.

flow velocity increases in the slipstream (6.13). From Fig. 6.14, it is also possible to understand that the tan-
gential velocity peak increases, in module, from x/c¢ = 0.2 towards x/c = 1. The very large negative peak in V;
at x/c = 0.2 and for very low radial positions (near r/ R, = 0.2) is due to the rotation of the spinner, which was
modelled as a no-slip boundary.

6.1.2. VARYING ADVANCE RATIO

After studying the effect of mesh size on the simulation results, it was also important to analyse the effect of
changing the operating condition of the propeller. The Xprop’s operating condition was varied by changing
the advance ratio, J. Since all simulations were performed with Vo, = 30m/s, J was varied by changing the
rotational velocity of the propeller. The advance ratio was varied, for the Xprop’s steady simulation, for two
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Figure 6.11: Total pressure coefficient, Cp,, average radial dis-
tributions in the vicinity of the propeller, at three axial loca-
tions, for the three different grid refinements tested. The axial
position is indicated in terms of distance to the propeller disk.
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1.07. Results obtained with the conventional propeller do-

Figure 6.12: Pressure coefficient, C p, average radial distribu-
tions in the vicinity of the propeller, at three axial locations,
for the three different grid refinements tested. Results ob-
tained with the conventional propeller domain.
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Figure 6.13: Axial velocity (V;;) average radial distribution,
normalised with the free-stream velocity, Vp, in the vicinity of
the propeller, at three axial locations, for the three different
grid refinements tested. Results obtained with the conven-
tional propeller domain.
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Figure 6.14: Tangential velocity (V;) average radial distri-
bution, normalised with the free-stream velocity, Vp, in the
vicinity of the propeller, at three axial locations, for the three
different grid refinements tested. Results obtained with the
conventional propeller domain.

main reason’s. Firstly, it was intended to validate the simulations against experimental results, which were
available for a wide range of advance ratios, for the same free-stream flow velocity. Secondly, it was intended
to obtain thrust and torque distributions at different advance ratios, which would serve as an input to the
installed configurations with an AD. The steady simulations of the Xprop at different advance ratios were
performed with the grid with a medium refinement. The medium grid led to low discretization errors with
respect to the propeller’s T, and Q. at / = 0.7, as discussed in the previous section.

In Table 6.3, the operating conditions relative to each advance ratio tested are specified, as well as the
overall values for thrust coefficient, torque coefficient, power coefficient and efficiency at each J. It is clear
that the loading on the propeller decreases for higher advance ratios, within the range tested, as T, and Q.
reduce. From the P column, it can be understood that the power added to the flow sees large variations for
the apparently small range of advance ratios tested, considering that P,_,, = 2.5P,_,,. In this way, it was
considered that this range of operating conditions could already provide a good indicative of how the CFD
results compare with the experimental results. It was also considered that this range of J would be enough
to understand how the performance of each ducted system is influenced by the change in power setting, in
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the installed configurations with an AD. Adding more power settings, or advance ratios, would contribute to
improve the reliability of the conclusions taken from the research, but would also greatly increase the test ma-
trix. In terms of efficiency of the propeller, it can also be understood that it declines with increasing advance
ratio. Efficiency was estimated since it is an important parameter to compare the performance of the different
propulsion systems. Thus efficiency was found to be relevant to help answering the thesis research questions.

Isolated Xprop steady simulation - varying advance ratio

J  Qlrad/s] Tc[-] Qcl-] Pl n [-]
0.7 662.60 1.128 0.378 1.697 0.665
0.8 579.77 0.763 0.272 1.069 0.714
0.9 515.35 0.519 0.197 0.689 0.754

Table 6.3: Thrust, torque and power coefficients, as well as efficiency of the Xprop at different advance ratios.
The advance ratio was modified by changing the propeller’s angular velocity, in the steady simulations.

The thrust and torque distributions over the propeller blade are the main inputs for the installed simu-
lations with an AD. These distributions a plotted in Fig. 6.15, for the three advance ratios tested. The dis-
tributions indicate that the reduction of loading for higher J is uniform along the blade. This could happen
differently if, for example, one of the advance ratios tested would lead to flow separation at the blade. More-
over, the flowfields obtained for each advance ratio were also verified, in order to confirm that the difference
in T; and Q. for the different J would lead to corresponding variations of Cy,, Cp, V, and V; in the stream-
tube. These plots can be consulted in Appendix A.3.
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Figure 6.15: Thrust and torque coefficient (T, and Q) radial distributions over a blade of the isolated pro-
peller, for the three advance ratios tested. The dashed lines correspond to the highest advance ratio, / = 0.7,
the continuous lines correspond to J = 0.8 and the dotted lines correspond to the lowest advance ratio tested,
J =0.9. The thrust distributions are represented with blue lines and the torque distributions are represented
with red lines. Results obtained with the conventional propeller domain.

6.1.3. UNSTEADY SIMULATION

The final and most computationally expensive simulations of the thesis were decided to be performed with
transient calculations. For this reason, it was found relevant to first perform equivalent unsteady calculations
of the isolated Xprop, so that these could be verified and validated. However, it was not performed a new grid
convergence study for the unsteady simulation of the Xprop, since it would lead to too large computational
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costs. It would have also been interesting to analyse the influence of the selected time step on the temporal
discretization error of the simulation, but this was not performed to lower computational costs and to keep
the size of the test matrix at check. The unsteady results presented in this section were performed using the
steady propeller flowfield as an initial solution. Moreover, the results were obtained with a time step, Af,
equivalent to 1° of propeller rotation. The results were recorded with an interval of 5 time steps, during a
period corresponding to 180° of propeller rotation. In this way, the results presented in this section corre-
spond to 36 time steps, which reflect the evolution of the flowfield during half a propeller rotation. It is also
important to refer that the results were calculated with grid 1. This choice was based on the practical con-
sideration that the grid with a medium refinement, grid 2, did not lead to a converged unsteady solution in
terms of residuals or even forces on the propeller blade. Thus, this section compares the results of the Xprop’s
unsteady simulation at J = 0.7, obtained with the fine grid, with the results from the equivalent steady simu-
lation.

In Fig. 6.16, itis shown the radial T, and Q. distributions obtained from the recorded time steps of the un-
steady simulation, which are compared against the distributions obtained from the steady simulation, with
the same grid (fine grid) and with the same advance ratio (J = 0.7). Firstly, it interesting to notice that there
is a good agreement between the steady and the unsteady results, since it is difficult to find differences in the
radial distributions shown. Secondly, it can also be understood that the results from the unsteady calculation
exhibit a small scatter. The small scatter is an indicative that the simulation was well converged, and also that
there were no strong unsteady aerodynamic effects occurring (in the propeller’s rotating reference frame). For
example, Stokkermans [51] found a relatively large scatter in the thrust and torque distributions at the lower
radial positions of the propeller simulated in CFD, which demonstrated the presence of flow separation in
those blade sections.

Furthermore, it was also found relevant to compare the total values of thrust and torque coefficient from
the Xprop’s unsteady simulation with the equivalent results from the steady simulation. This is shown in Fig.
6.17, considering the propeller’s T¢,, T and Q.. In the first time step recorded, the azimuthal position of the
blade was considered to be at 8,4, = 50°. From this figure, it is clear that both steady and unsteady simula-
tions of the Xprop, with this grid and boundary conditions, lead to the calculation of similar values of thrust
and torque coefficients. Furthermore, it is also possible to understand that there is a relatively small varia-
tion of the thrust and torque in the unsteady simulation, which appears to be periodic. This oscillating result
could be due to different reasons. Firstly, the Xprop’s blade trailing edge is expected to shed a vortex which
would cause oscillations the blade loading. The effect of blunt trailing edge’s vortex shedding, causing load-
ing fluctuations, was studied for example by Zobeiri et al. [1]. However, in the Xprop’s unsteady simulation
results, the oscillation of the given quantities could also be due to a non fully converged solution, and also
due to the influence of the boundary conditions, since periodic boundaries were used to reduce the domain
to one quarter (90° domain instead of a 360° domain). In this case, the iterative error, combined with the
error caused by the usage of a sliding mesh approach and periodic BC, appears to be the main cause of the
fluctuations on the T and Q. time-accurate results. Firstly, it is seen in Fig. 6.17 that the fluctuations in thrust
and torque coefficients have a periodicity of 90°, which most likely is not a coincidence with the fact that a
90° domain was used. The propeller domain and mesh return to the same azimuthal position with respect to
the outer domain with a periodicity of 90° as well, with the sliding mesh approach in a 90° domain. Secondly,
the small difference between consecutive higher or lower peaks in the quantities seen in Fig. 6.17 indicates
that the solution was not yet completely converged. However, the shown fluctuations were considered to be
sufficiently small to be accepted, this way avoiding additional computational costs.

6.1.4. VALIDATION

The validation of the isolated Xprop’s CFD calculations was based on the comparison of the computed CFD
values with experimental results, as well as calculations performed with a lower fidelity method. In this sec-
tion, it is first discussed the uncertainties relative to the comparison of results obtained with different meth-
ods. Afterwards, the several results are shown and discussed.

UNCERTAINTIES IN THE VALIDATION PROCESS

The main data available for validation of the propeller CFD results consists of experimental data obtained in
TU Delft’s open jet facility (OJF). The wind tunnel (WT) data was provided by T. Sinnige, via internal commu-
nication. The equivalent data consists of thrust and torque values obtained at the same free-stream velocity
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Figure 6.16: Thrust and torque coefficient radial distributions
over a blade of the isolated propeller. Results obtained with
the fine grid of the conventional propeller domain, from both
steady and unsteady calculations, at J = 0.7.
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Figure 6.17: Pressure thrust, total thrust, and torque coefficients of the
isolated propeller. Results obtained with the fine grid of the conven-
tional propeller domain, from both steady and unsteady calculations,
atJ=0.7.

and advance ratio. However, the Xprop used in OJF has the main difference of having 6 blades, whereas
the Xprop used in this thesis’ computations had its number of blades reduced to 4. Besides the number of
blades, there are more differences which were expected to cause discrepancies between the wind tunnel and

CFD results, e.g.:

* Boundary conditions:

- the wind tunnel facility is an open jet, which means that shear stresses occur between the jet and
the flow outside of the jet. In the CFD simulations it were imposed pressure far-field conditions,
which also cause a blockage effect by imposing an axial velocity to the flow in the far field.

— the turbulence intensity, I, is different at the two inlets. At the OJE turbulence intensity is kept
lower than 0.24% [49]. However, in the CFD calculations the free-stream turbulence is consider-

ably lower: I, = /2koo/3/ Voo = 0.08%.

— the Xprop’s nacelle was modelled as a free-slip boundary in CFD, to simplify the simulations. In
the wind tunnel, the no-slip condition applies at the nacelle surface.

¢ In the wind tunnel, the force acting on the spinner is included in the balance measurements of thrust
and torque of the propeller. However, the forces on the spinner were not considered when calculating
the total forces and moments on the propeller from the CFD simulations. This was due to the fact that
the spinner was modelled in CFD as open surface (it is connected to the nacelle without a gap). Pressure
forces should ideally be calculated from integrating pressure over closed surfaces.

* Turbulence modelling: in the CFD results the effect of turbulence in the flowfield was estimated based

on a turbulence model, k — w SST.

* The Xprop geometry was simplified for the CFD computations. The simplification with an expected
largest influence in the flowfield was the extension of the nacelle until the outlet. In the wind tunnel,
however, there is a jet of air flow starting from the trailing edge of he nacelle, which acts as an exhaust
of air, increasing the mass flow in the wind tunnel.

Since the different number of blades between the CFD and wind tunnel geometries was expected to cause
strong discrepancies in the results, it was decided to perform equivalent calculations with a lower order
method (less expensive than CFD). In this way, the program XROTOR was selected to analyse the perfor-
mance of the Xprop with both 4 and 6 blades, in order to compare the difference in performance in both
cases. XROTOR is a program based on lifting line theory. In this way, XROTOR iteratively calculates the cir-
culation distribution over a rotor, along with the induced velocities at its lifting line [56]. In order to perform
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the calculations, XROTOR receives airfoil properties as an input. During this thesis, XROTOR was run using a
MATLAB tool developed by Sinnige, mROTOR, which works as described in [49]. The tool was developed to
be able to provide to XROTOR the airfoil characteristics of the Xprop blade at different radial sections, taking
into account the change in Reynolds number. Even though mROTOR uses airfoil polars obtained with XFOIL,
XROTOR only accepts as input the necessary information to rebuild the polars, e.g. section maximum lift co-
efficient, zero-lift angle of attack and lift curve slope. For this reason, mRotor optimises the XROTOR inputs so
that there is a lower discrepancy between the polar estimated by XROTOR and the actual polar obtained from
XFOIL. The tool also allows for the specification of more basic characteristics, such as the flow free-stream
velocity, rotational velocity of the propeller and number of blades. Overall, the tool used has the advantage
of being able to obtain fast results, but it also leads to differences with respect to the CFD and experimental
results, such as:

* Only considering axial and tangential flow over the blades. Radial flow is neglected.

* Using a wake semi-rigid model, which means that the direction of the trailing vortex sheet is iteratively
calculated, but wake contraction is not taken into account [56].

* As XROTOR only accepts a limited number of airfoil characteristics as input, the airfoil polars loose
accuracy.

* The spinner is not modelled in XROTOR. This means that the force on the spinner is not calculated, and
the influence of the spinner on the inflow velocities at the propeller disk is not taken into account.

e Turbulence is only modelled in the sense that the airfoil polars considered by mROTOR were obtained
from XFOIL considering a fully turbulent flow over the airfoil, i.e. the transition location was set to
x/c=0.

COMPARISON OF CFD, WIND TUNNEL AND XROTOR RESULTS

Having discussed the differences between each method used in the validation process, it is then possible to
proceed for the comparison of the results from CFD, wind tunnel and Xrotor. Figures 6.18 and 6.19 show
the thrust coefficients obtained from both CFD, wind tunnel, and XROTOR for a single XPROP blade at
Voo = 30m/s and three different advance ratios: J = 0.7, J = 0.8 and J = 0.9. As it was previously referred,
the CFD results correspond to the 4 bladed Xprop steady simulation with the large propeller domain. The
wind tunnel results were obtained with the 6 bladed Xprop, and the XROTOR calculations were performed
for both the 4 and 6 bladed versions of the propeller. From Fig. 6.18, it is clear that the blade T, obtained from
CFD is higher than the values obtained experimentally. Even though there are multiple differences between
the two methods, the number of blades was found to be the main cause for this discrepancy. Having a higher
number of blades results in a higher total thrust of the propeller, which means that the axial induced veloc-
ities at the propeller disk will be higher as well. With higher induced velocities, the effective angle of attack
of each blade section reduces (see Fig. 2.2), and the total thrust produced by each blade reduces as well. The
same trend can be noticed on the XROTOR calculations of thrust with the two versions of the Xprop, con-
firming that decreasing the number of blades would indeed cause an increase in each blade’s 7,. However,
it can also be understood that the XROTOR results do not match either the CFD or the WT T, values, for the
corresponding number of blades. It was found that XROTOR leads to an over prediction of thrust with respect
to the two higher fidelity methods. There are multiple differences between the XROTOR and the other two
methods, which were previously discussed. Still, it is suggested that the non-inclusion of the spinner could
lead to a these large increases in terms of blade T,.. The spinner forces a contraction of the flow in the vicinity
of the blades’ location, which therefore also causes an increase in axial flow velocity at the propeller disk. As
it was referred, higher V, at the propeller disk usually leads to a lower loading of the blades.

With respect to the torque coefficients obtained from each method, it can be understood that the trends
seen in Fig. 6.19 are similar to the T, trends. The CFD simulations lead to an estimation of a higher torque
per blade than the wind tunnel experiments. This observation can also be mainly attributed to the different
number of blades used in the two cases, since the XROTOR calculations with the Xprop with 4 and 6 blades
show the same relation. Moreover, it can also be understood that XROTOR estimates a higher torque than
both CFD and wind tunnel experiments, for the same number of propeller blades. This is similar to what had
been observed in Fig. 6.18, regarding the thrust coefficient of the blades.
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In order to understand if the differences between CFD and wind tunnel results can in fact be predomi-
nantly attributed to the difference in number of blades, the ratios of blade T, and Q. between estimations
with the 4 and 6 bladed versions of the Xprop are shown in Fig. 6.20. In this way, for each coefficient, C, it is
shown the ratio between CFD and wind tunnel results (Ccrpupr)/ CwreBsi)), and the ratio between XROTOR
estimations with the 4 and 6 bladed propeller (Cxrororwusr)/Cxrororesi))- Regarding blade thrust, it can
be understood that the relation between CFD and WT results is very close to the ratio calculated from the
XROTOR results, at J = 0.7. However, the ratio between CFD and WT estimations decreases with increasing
advance ratio, whereas the ratio between calculations with 4 and 6 blades from XROTOR appears to increase
with advance ratio. These trends lead to a higher disparity of the two ratios at the highest J considered, 0.9.
For the torque ratios, a similar relation can be observed, with the difference that there is a higher disparity
between the two ratios at J = 0.7, leading to an even larger difference at higher J. It was not identified a dom-
inant factor which could explain the differences between the two ratios. Still, it was acknowledged that the
differences between the three estimation methods, which were highlighted in the previous sub-section, are
relatively large. In this way, the disparities seen in the results were accepted. Possible next steps to improve
the validation of the CFD simulations would have been performing computations with the 6 bladed version
of the Xprop, or making the CFD computational domain and set-up more similar to the experimental set-up.
Due to time constraints, it was instead proceeded for the next planned steps of the research.

Single blade Thrust: CFD v.s. WT and XROTOR Single blade Torque: CFD v.s. WT and XROTOR
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Figure 6.18: Thrust coefficients of a single Xprop blade, versus Figure 6.19: Torque coefficients of a single Xprop blade, ver-
advance ratio. Results obtained with CFD steady simulations sus advance ratio. Results obtained with CFD steady simu-
of the 4 bladed Xprop, with wind tunnel experiments using lations of the 4 bladed Xprop, with wind tunnel experiments
the 6 bladed Xprop, and with XROTOR calculations for both using the 6 bladed Xprop, and with XROTOR calculations for
the 4 and 6 bladed versions of the propulsor. both the 4 and 6 bladed versions of the propulsor.

6.2. ISOLATED XPROP - SMALL PROPELLER DOMAIN

After having verified and validated the CFD results obtained with the large propeller domain (LPD), it was
proceeded for the simulation of the propeller flowfield with the radially small propeller domain (sPD). The
Xprop computations with the sPD were performed for J = 0.7, which is the same advance ratio that was used
in the ducted propeller CFD simulations. As it was previously discussed, the ducted Xprop simulations had
to be performed with the sPD instead of the more conventional LPD, since the propeller domain had to "fit"
inside the duct. In this way, this section tackles the verification of the steady simulation of the Xprop with the
sPD (sub-section 6.2.1), as well as the verification of the equivalent unsteady simulation, in sub-section 6.2.2.
During the verification process, the results obtained with the sPD are compared against the results obtained
with the fine mesh for the LPD, since this was the mesh used for the unsteady simulation with the large pro-
peller domain.

6.2.1. STEADY SIMULATION

This section aims at understanding if the steady simulation of the Xprop with the sPD leads to reliable re-
sults. It is considered that the isolated propeller simulation should lead to an acceptable prediction of the
forces on the blades, as well as an accurate estimation of the influence of the propeller in the flowfield. In
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Figure 6.20: Ratios of thrust and torque coefficients of a single Xprop blade between the two Xprop versions,
versus advance ratio. It is shown the ratio between the CFD (4 bladed Xprop) and the wind tunnel (6 bladed)
results, and the ratio between the results obtained with the 4 and 6 bladed versions of the Xprop from XRO-
TOR.

this way, the thrust and torque coefficients obtained from the steady computation with the sPD are first com-
pared with the equivalent results from the steady simulation of the Xprop with the fine mesh. Table 6.4 shows
the number of elements of each mesh, the estimated T, and Q., and the relative difference of T, and Q. to
the value computed with the large propeller domain (with the fine grid). It can be concluded that there is a
relatively large difference between the values calculated with the two domains, for both T, and Q.. The differ-
ence can be considered specially large, since it is one order of magnitude larger than the differences reported
previously in section 6.1.1, during the grid convergence study of the same quantities. Even though the mesh
generated for the sPD is not geometrically similar to the grids generated for the LPD, it was considered that
the discretization error due to a short number of elements should not be the dominant factor to justify the
different results obtained with the unconventional propeller domain. In fact, the number of elements of the
grid generated for the sPD lies between the number of elements of the LPD’s fine and medium grids.

In order to show how the change in the propeller computational domain affected the radial distribution
of forces along the Xprop blades, the blade radial distributions of thrust and torque coefficients are plotted
in Fig. 6.4. The distributions shown in Fig. 6.4 are relative to both steady simulations, using the sPD and the
LPD with the fine grid (grid 1). It is interesting to notice that the radial distributions of T, and Q. estimated
with the two domains match well for low radial positions (0.2 < r/R, < 0.6). However, for higher radial lo-
cations the two distributions see a divergence of the section thrust and torque coefficients. In this way, the
results indicate that the usage of a smaller propeller leads to an under estimation of blade loading at high
radial positions. Confirming that this trend would indeed be an inaccuracy caused by the usage of the sPD, it
should then be concluded that using such an unconventional propeller domain is not appropriate for ducted
propeller’s research. In fact, one of the advantages of ducting a propeller is the possibility of increasing its
loading at high radial positions (discussed previously in section 2.2.3). In this way, it was considered impor-
tant to perform CFD computations which lead to an accurate prediction of the forces on the ducted blades,
certainly without disregarding high radial locations.
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Isolated Xprop, steady, at J = 0.7 - different propeller domains

(T - Tc,LPD) (Qc - QC,LPD)

Propeller domain # of elements Tc [-] — [%] Qc [-] — [%]
TeLpp Qc,LPD
5
Large (Grid 1) 16.18 x 10 1.129590 0 0.378176 0
10.49 x 108 1.052670 -6.8096 0.356924 -5.6197

Small - unconventional

Table 6.4: Thrust and torque coefficients obtained from the Xprop steady simulations with the LPD (grid 1) and
with the sPD. It is also shown the relative difference of T, and Q. with respect to the value obtained with the
LPD’s fine grid, as well as the number of mesh elements used in each simulation.
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Figure 6.21: Thrust and torque coefficient radial distributions over a blade of the isolated propeller, for the
two propeller domains tested (sPD and LPD). The results relative to the large propeller domain were obtained
with the fine mesh. Both results were obtained for J = 0.7.

In order to understand the cause of the differences in estimated propeller trust and torque coefficients for
each domain, the flowfield computed with the sPD was investigated. In Figs. 6.22 and 6.23 it is shown, respec-
tively, the axial velocity and total pressure coefficient contours in the vicinity of the propeller, for a plane at the
simulated blade’s azimuthal position. Furthermore, the lines of constant vorticity coefficient, C,, = 0.5 and
Cy, =1, are also shown. These contours can be compared against the previously shown equivalent contours
for the LDP (in Figs. 6.1 and 6.3). It is clear that using the small propeller domain leads to strange strange
patterns in the V,;/ Vg and C,,. Moreover, the isolines of constant C,,, relative to the tip vortices also show un-
physical trends. Besides, in Figs. 6.24 and 6.25 it is shown the V,;/V; contours at x/c¢ = 0.2 (downstream of the
blades), obtained from the sPD and LPD simulations. The isolines of C,,, = 0.5 and C,, = 1 are also shown for
Figs. 6.24 and 6.25. These Figures show that, for the simulation with the sPD, there are clear discontinuities
in the V, contours at the interface between the propeller domain and the outer domain. The discontinuities
in the C,,, isolines are also clear in Fig. 6.24.

In this way, it was understood that the steady simulation of the Xprop with the sPD leads to unphysical
flowfield characteristics around the propeller, and to incorrect loading distributions over the propeller at high
radial positions, which led to inaccurate predictions of thrust and torque at J = 0.7. It was understood that
having an outer domain too close to the propeller blade tip leads to unphysical results, when using the mul-
tiple reference frame (MRF) approach. This is due to the fact that, with the MRF approach used, the flow in
the propeller domain rotates with an angular velocity equal to the propeller’s 2, but with the opposite sign.
The propeller and the flow in the outer domain do not rotate, with the approach taken. In this way, the blade
tip vortices and the flow which enters the propeller small domain from the outer domain rapidly change their
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rotational velocity. This can lead to discontinuities, when flow is "dragged" towards a different azimuthal
location whereas its previously adjacent flow with the same characteristics (e.g. same V,) continues at the
same azimuthal position.

Summarizing, it was concluded that this unconventional propeller domain, the sPD, is not appropriate
to perform steady simulations of a propeller with the multiple reference frame approach. Steady simulations
with the sPD were still used, however, to initialise the flowfield before performing unsteady simulations with
the same domain. In the next section, the results from the isolated Xprop unsteady simulation with the sPD

are verified and discussed.
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Figure 6.22: Axial velocity, Vg, distribution, normalised with the
free-stream velocity, Vjp, in the vicinity of the isolated propeller.
The lines of constant vorticity coefficient, for C,, = 0.5 and Cy,, =
1, are also shown. The contour is located at the azimuthal posi-
tion of the blade, 6 = 45°. Results obtained using the radially small
propeller domain.
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Figure 6.24: Axial velocity, Vg, distribution, normalised with the
free-stream velocity, Vj, in the vicinity of the isolated propeller.
The lines of constant vorticity coefficient, for Cy,, = 0.5 and
Cuw,; = 1, are also shown. The contour is located 20% duct cord
(0.2¢4ycr = 0.214R)p) downstream of the blades. Results obtained
using the radially small propeller domain.
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Figure 6.23: Total pressure coefficient, Cp,, distribution in the
vicinity of the isolated propeller. The lines of constant vorticity
coefficient, for Cyp, = 0.5 and C,, = 1, are also shown. The con-
tour is located at the azimuthal position of the blade, 6 = 45°. Re-
sults obtained using the radially small propeller domain.
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Figure 6.25: Axial velocity, V,, distribution, normalised with the
free-stream velocity, Vj, in the vicinity of the isolated propeller.
The lines of constant vorticity coefficient, for Cy, = 0.5 and
Cw, = 1, are also shown. The contour is located 20% duct cord
(0.2¢4ycr = 0.214R)p) downstream of the blades. Results obtained
using the fine mesh, for the conventional propeller domain.
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6.2.2. UNSTEADY SIMULATION

After having discussed the problems associated with the steady simulation of a propeller with a too small pro-
peller domain (radially), it is important to understand if the unsteady simulation of the Xprop, with the same
sPD, leads to more reliable results. In this way, the unsteady results obtained with the sPD are first compared
with the unsteady results obtained with the LPD. In Figure 6.26, it is shown the normalised radial distribu-
tions of thrust and torque along a propeller blade. The distributions are shown for the unsteady simulation
with the LPD (time average), for the steady simulation with the sPD and for the unsteady simulation with the
sPD (both time accurate and average results). Firstly, it is clear that the unsteady results obtained with the
LPD are different from the distributions obtained in the steady case, for high radial positions. This was ex-
pected, since high radial locations are the locations where the steady distributions from the sPD were found
to be inaccurate (as discussed in the previous section). Moreover, it is also possible to understand, from Fig.
6.26, that the average distribution calculated from the unsteady results with the sPD matches with the equiv-
alent result from the LPD. This also indicates that the unsteady simulation of the Xprop with the sPD and
with a sliding mesh approach can lead to accurate results. Analysing the spread of the time accurate results
shown in Fig. 6.26, for the unsteady simulation with the sPD, it can be understood that the radial distribution
of loading sees very small variations, for the recorded time steps. This is in agreement with what had been
found previously for the unsteady simulation of the Xprop with the LPD.

Besides comparing radial distributions of thrust and torque, it was also found relevant to compare the
time-accurate total values of thrust and torque coefficients on the Xprop, for the two different domains. Thus,
it is shown in Fig. 6.27 the temporal evolution of Te,, Tc and Q. for the 36 recorded time steps, with each do-
main. The 36 recorded time steps have intervals of 5° of propeller rotation between each other. Therefore,
these time steps correspond to a 180° rotation of the Xprop. It had already been discussed in section 6.1.3 that
the unsteady results obtained with the large propeller domain match well with the equivalent steady results,
despite of small oscillations of T, and Q. throughout the propeller rotation. Looking at Fig. 6.27, it can be un-
derstood that similar oscillations are found for the sPD. However, the plotted coefficients seem to oscillate less
in this simulation for the initial time steps recorded, with the blade’s azimuthal position 50° < 0,44, < 100°.
It is also relevant to mention that the calculated thrust and torque coefficients are very close for the two sim-
ulations, considering the 36 recorded time steps. This is a specially interesting result considering that the
two simulations where initialised with steady calculations, which means that their initial flowfields were very
different, as discussed in the previous section. Therefore, the results indicate not only that the sPD is ade-
quate to perform unsteady simulations, but also performing a steady simulation with the sPD can be useful
to initialise the flowfield for a corresponding unsteady simulation. Based on these findings, it was decided
to use the sPD on the ducted installed simulations, using a steady MRF approach to initialise the flowfield
before the unsteady calculation. The results obtained from the simulation of the installed configurations are
presented and discussed in the next chapter.

As a final comparison of the simulations performed for the isolated Xprop at J = 0.7, it is shown in Figs.
6.28a and 6.28b their estimated T, and Q,, respectively. The values are shown in terms of relative difference
to the value calculated with the Xprop steady simulation with the LPD’s large grid. It is also shown a fit to the
values obtained with the three grids used in the LPD’s grid convergence study. This is the fit with p equal to
the theoretical order of convergence of the method (3). As it was discussed in section 6.1.1, this fit provides an
indication of the possible convergence of each quantity for more refined grids. Besides showing the steady re-
sults calculated with the LPD, Figs. 6.28a and 6.28b also show the unsteady values of T, and Q. obtained with
both the small and the large propeller domains. It should be mentioned that the grid refinement ratio h;/h;
was also calculated for the sPD’s mesh, and used in the two plots, even though this grid is not geometrically
similar to the three grids generated for the large propeller domain. From the figures, it can be understood
that the results of the unsteady simulation with the sPD appear to be slightly further away from the grid con-
vergence study results than the unsteady estimations with the LPD. Still, this difference is very short, and the
reliability of the unsteady results obtained with the sPD is also sustained by Figures 6.28a and 6.28b.
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Figure 6.26: Thrust and torque coefficient radial distributions
over a blade of the isolated propeller, for the two different
propeller domains tested. It is shown the mean of the un-
steady results obtained with the conventional propeller do-
main (LPD, fine grid), the steady results from the sPD, the
time accurate unsteady results obtained from the sPD and the
mean of the sPD unsteady results.
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Figure 6.27: Comparison of time accurate thrust pressure coefficient
Tcp, thrust coefficient, T;, and torque coefficient, Q., over the iso-
lated propeller, for the unsteady simulations with the two different
propeller domains tested, LPD (with the fine grid) and sPD. Simula-
tions performed for / = 0.7.
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Figure 6.28: Comparison of the thrust coefficient (left-image) and torque coefficient (right-image) estimated at J = 0.7 from several
isolated propeller CFD simulations. From the LPD, it is shown the steady results obtained with the three grids, as well as the unsteady
result obtained with the fine grid. From the small propeller domain, it is shown the unsteady results. For each result, it is shown the
relative difference to the coefficient calculated with the LPD’s fine grid.






INSTALLED DUCTED SYSTEMS
PERFORMANCE

In the previous chapters, the CFD simulations of the isolated components were discussed. The verification
and validation of the simulations was addressed, and it were understood the main characteristics of the flow-
field generated by each component. From the isolated ducts simulation, it should be highlighted that there is
a higher axial velocity inside the circular duct, than inside the square (or quadrangular) duct, at the propeller
disk location inside the shrouds (at 30% duct chord). This was predicted to result in a negative effect in the
propeller’s performance, since propellers can operate at a higher thrust to power ratio when the flow’s axial
velocity is lower. Besides, it was also found that the flow’s axial velocity profile varies for different azimuthal
positions inside the square duct. This was expected to lead to loading variations at the propeller blades. More-
over, it was also found that the boundary layer at the corner of the square duct grows considerably larger than
the turbulent boundary layer over a flat plate of the same length (at the same Reynolds number). This result
matches with the literature discussed in section 2.2.5, regarding corner flow. As it was discussed, the thicker
BL at the duct’s corner is more prone to separation. Separation can result in a performance decrease of the
propulsion system, contributing to an increase in drag at the duct’s corner. In fact, it was found that separa-
tion occurs at the corner of the square duct in the isolated case.

From the isolated propeller simulations, it should be highlighted that using a radially small propeller do-
main (sPD), which fits inside the ducts, leads to an unphysical solution when a steady simulation is per-
formed. Still, the unsteady Xprop simulation with the sPD led to accurate results, when compared against the
equivalent results obtained with the radially larger propeller domain. In this way, it was concluded that the
sPD could be used in the ducted Xprop simulations only with the aim of calculating unsteady solutions, with
the sliding mesh approach. From the results shown in the previous chapter, it is also relevant to highlight that
the variation of radial loading distribution at the Xprop is very low for during the range of timesteps recorded,
at J = 0.7. This indicates that severe separation does not occur on the blades at this operating condition, and
that any strong oscillations in blade loading found in the unsteady ducted simulations can be attributed to
the interaction between the propeller and the duct.

After the flowfields calculated for the isolated components were well understood, verified and validated, it
was possible to proceed to the analyse of the flowfields of the installed configurations. Firstly, this chapter dis-
cusses the results obtained from the simulation of both ducts with an actuator disk and with the propeller’s
nacelle (section 7.1). Afterwards, in section 7.2, it is proceeded for the analyse of the flowfields generated
by the complete installed systems, the circular ducted Xprop (Cduct system) and the square ducted Xprop
(Qduct system). In this way, it was possible to evaluate the performance of each propulsive system.

7.1. DUCTS WITH NACELLE AND AD

In this section, it is studied the effect of installing each duct on its performance. Firstly, the aerodynamic
performance of the two ducts with the propeller’s nacelle, in a power-off condition, is compared against the
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performance of each duct in the isolated case, in sub-section 7.1.1. Afterwards, it is studied the effect of turn-
ing on the actuator disk inside the duct with nacelle system, in sub-section 7.1.2. The AD was tested with
inputs from the isolated propeller steady simulations, at three different advance ratios: / = 0.9, / = 0.8 and
J =0.7. When analysing the results shown in section 7.1.2, it is important to keep in mind that only the per-
formance of the duct is being investigated, since the performance of the AD is set by the thrust and torque
inputs obtained from isolated propeller calculations. The power considered when calculating the overall ef-
ficiency of the AD propulsion systems is also the shaft power calculated from the isolated Xprop simulations,
with equation 2.4.

7.1.1. POWER-OFF

As it was referred, it is first analysed the power-off performance of the ducts installed with the propeller na-
celle, in comparison with the aerodynamic performance of the isolated ducts. In this way, it were compared
the chordwise pressure and skin friction distributions, the axial velocity inside the ducts (at the propeller lo-
cation) and the drag forces integrated over the duct surfaces.

PRESSURE AND SKIN FRICTION AT THE DUCTS

In Figures 7.1 and 7.2, it is shown the chordwise C, distributions on the isolated and installed power-off
configurations, for the circular and square ducts, respectively. In Figs. 7.3 and 7.4, equivalent chordwise
distributions are shown for the axial skin friction coefficient. On each of the four Figures, the chordwise dis-
tributions are shown at two spanwise locations: 6 = 30° and 0 = 60° for the circular duct (which correspond
t0 GPequcr = 1/3 and ¢egyer = 2/3), and Pggucy = 0 and ¢ gqucr = 0.5 for the square duct plots.

Analysing Fig. 7.1, it can be understood that for both the circular duct isolated and installed cases there
is a low variation of C), distributions for different spanwise locations. This had already been noticed for the
isolated circular duct simulation, when Fig. 5.20 was analysed. In Fig. 7.1, it is also interesting to notice that
the low pressure peaks on the duct change when the duct is installed. On the inner surface, the pressure
peak moves downstream and decreases, whereas on the outer surface the opposite occurs: the pressure peak
moves towards the leading edge and increases. This indicates that the stagnation point at the leading edge
moves towards the lower surface, due to the blockage caused by the Xprop’s nacelle. An equivalent trend is
found for the suction peak at the square duct surfaces, for both spanwise positions analysed in Fig. 7.2.

From Fig. 7.3, it is difficult to spot major differences between the Cy, distributions of the circular duct’s
isolated and installed cases. The differences between the several lines plotted for each duct surface appear to
be of the order of the noise deviations on the distributions due to numerical error. In Fig. 7.4, relative to the
square duct, it can also be seen that the noise in the Cy, distributions is large. The numerical noise is specially
large at the corner of the square duct, where an unstructured mesh had to be used. Still, Fig. 7.4 indicates
that at ¢44uc, = 0.5, at the trailing edge, separation on the inner surface of the duct is slightly less severe for
the installed case. Still, it was expected an overall larger pressure drag for both ducts in the installed case, due
to the blockage effect caused by the nacelle. The blockage effect makes the recovery of static pressure at the
trailing edge of the ducts more difficult, increasing the difference in static pressure between the leading edge
and the trailing edge of the duct.

FLOW AT THE PROPELLER AXIAL LOCATION

From the power-off duct simulations, it is also relevant to analyse how the axial velocity at the propeller lo-
cation changes with the addition of the nacelle. This is due to the fact that the axial velocity at the propeller
disk has a strong influence in the propeller performance. In Fig. 7.5, it is shown the average V,;/Vj profile
inside each duct on the isolated and power-off installed configurations, at x/c = 0.3. The two curves relative
to the installed configurations start at r/R), = 0.2, since this is the radius of the spinner at x/c = 0.3. V,;/V,
does not go to 0 at this location, since the entire nacelle was modelled as a free-slip surface for the installed
configurations without the full propeller blade model (simulations with an AD or power-off). In Fig. 7.5, it
is interesting to notice that there is an increase in axial velocity at low radial positions (approximately for
0.2 <r/Rj <0.6) due to the installation of the nacelle, in both ducts. This is due to the fact that the presence
of the nacelle forces a contraction of the flow. However, for high radial positions the axial velocity is higher
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Figure 7.4: Axial skin friction coefficient distribution at two
sections of the square duct: 8 = 30° and 6 = 60°. The result
obtained from the isolated simulation (medium refinement
grid) is compared against the (power-off) installed case, in-
cluding the duct and the propeller’s nacelle.

in the isolated case, for both ducts. This observation is consistent with the lower low pressure peaks in the
installed C), distributions at the inner surface of each duct, which were identified in Figs. 7.1 and 7.2. It is also
important to note that, for the installed case, the V, inside the circular duct is also larger than the V, in the
installed square duct. Moreover, this difference in V, increases for higher radius, indicating that the Xprop
should be able to produce more thrust inside the square duct than inside the circular duct, specially at high
radius. However, inside the square duct the blade tip clearance is larger than inside the circular duct for most
blade azimuthal locations. This could have the opposite affect, decreasing blade loading at high radius for
the square ducted system. In this way, it can again be defended that full blade model simulations are required
to fully understand the aerodynamic interaction differences between the two ducted systems.
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Figure 7.5: Average axial velocity profile, normalised with the free-stream velocity, inside both cir-
cular and square ducts, at the propeller or AD location: x/c¢ = 0.3. The results are shown for both
the isolated cases (medium refinement grid) and the power-off installed configurations, which in-
clude a duct and the propeller’s nacelle.

FORCES ON THE DUCTS

So far, it has been understood that there are aerodynamic differences in the flowfields generated by the two
ducts, between the isolated and installed cases. It is also relevant to understand how these differences influ-
ence the drag of the ducts, in the power-off configurations. In Figs. 7.6 and 7.7 it is shown the friction and
pressure drag coefficient of the ducts obtained from the different power-off cases: isolated circular duct (2D
simulation), isolated circular duct (3D simulation), isolated square duct, installed circular duct (3D) and in-
stalled square duct. The values obtained from the 2D circular duct simulation were included for verification
purposes, since it simulates the same case as the 3D isolated circular duct simulation. For each of the isolated
cases, it is shown the values calculated with the meshes with a medium refinement, which are the grids more
similar to the grids used in the installed configurations. In Fig. 7.6, the drag coefficients were calculated using
the propeller disk area as the reference area, according to equation 5.4. On the other hand, in Fig. 7.6 each
ducts’ reference area (S, as defined in equation 5.6) was used to calculate the drag coefficients, according
to equation 5.5. In this way, Fig. 7.6 provides a good comparison of the total drag forces on the different
cases, and Fig. 7.6 helps understanding which cases result in more drag per unit span, i.e. in the second drag
coefficient definition, C},, it is corrected for the fact that the area of the square duct is larger than the area of
the circular duct, due to its larger span (or perimeter).

From Fig. 7.6, it can be firstly understood that the Cp estimated for the isolated circular duct from the 2D
and 3D simulations match well. Still, it can be noticed a slightly higher pressure drag from the 3D calculation.
From the isolated cases, it can also be concluded that the square duct produces more friction and pressure
drag than the isolated circular duct. This was expected, due to the larger size of the square duct. When in-
stalling each duct, it can be understood that the friction drag of each duct stays at the same level. However,
the pressure drag increases for both cases due to the presence of the nacelle. As it was previously referred, the
nacelle causes a blockage effect which makes it more difficult for the static pressure to recover towards the
trailing edge of each duct. Thus, the blockage effect leads to a higher difference in static pressure between the
leading edge and the trailing edge of the duct, this way increasing the ducts drag.

Analysing Fig. 7.7, it can be understood that both C’Df and Cb,, are similar for the isolated circular and
square ducts. Nevertheless, it can be seen that the square duct results in a higher C, . This can be explained
based on the separated region which was found at the inner surface of the square duct’s corner (see Fig. 7.4).
Figure 7.7 also shows that the pressure drag coefficient of the circular duct increases more, per unit span, due
to the installation of the nacelle than the square duct. This is due to the fact that the cross-sectional area
inside the circular duct is smaller than the equivalent area inside the square duct. In this way, the nacelle
occupies a larger percentage of this area inside the circular duct, resulting in a stronger blockage.



7.1. DUCTS WITH NACELLE AND AD

101

Drag coefficient of the circular and square ducts (Sref=Sp)
0.045

004 Friction drag
. [ Pressure drag

0.035 -

0.03

Y P @ N o
3ot 3¢ s © s
AN A .
o ©

N ’ S
@ W&
o \‘\9\0\

Unpowered case

Figure 7.6: Comparison of the drag coefficients calculated for
the different duct power-off cases. The drag coefficient (def-
inition 1) was defined using the propeller’s disk area as refer-
ence.

=1.25S

Drag coefficient def. 2 of the ducts (Sqduc‘ Cducl)

0.018

Friction drag

0.016 I | Sl pressure drag

0.014
0.012

= 00Llf

.0

O o.008f
0.006 |
0.004

0.002 -

0

Y O W o W
3ot yot N - =N
o o o

Unpowered case

Figure 7.7: Comparison of the drag coefficients calculated for
the different duct power-off cases. The drag coefficient (defi-
nition 2) was defined using each ducts’ area (perimeter at the
leading edge x chord) as reference.

7.1.2. POWER-ON (AD)

After having analysed the aerodynamic performance of the circular and square ducts in the power-off in-
stalled configurations, it is possible to proceed for the investigation of the performance of the ducted propul-
sion systems with an AD. Firstly, it is important to characterize the flowfields generated by the ducted systems.
Secondly, it is relevant to understand how turning on the AD influences the pressure and skin friction chord-
wise distributions at the duct surfaces. It is also important to understand how the axial velocity varies at the
propeller disk location, for the two ducts and at the different advance ratios tested. Moreover, the spanwise
distributions of forces at the ducts are also analysed, for the different J. Finally, it is made a comparison be-
tween the performance of the ducted propulsion systems with an AD and the performance of the isolated
propeller.

FLOWFIELD CHARACTERISATION

From the literature relative to corner flow discussed in section 2.2.5, it was found that the corner between
two flat plates can generate a swirling flow. However, closed vortical patterns are not expected to be created
in such case, according to the calculations presented in [44]. In this sub-section, in order to characterise the
power-on flowfields, it is also investigated whether the installation of the AD in the square duct results in the
generation of vortices. In this way, it is shown in Fig. 7.8 the isosurfaces of constant axial vorticity or axial
vorticity coefficient, C, , obtained from four simulations. On the top-left image, it is shown the isosurfaces of
constant axial vorticity wy = —257.7 and w, = 257.7, for the square duct installed configuration in the power-
off case. Since it is a power-off case, it is not possible to show C, isosurfaces. The vorticity coefficient, as
defined in equation 6.1, requires an assumed propeller angular velocity to be calculated. On the top-right
and bottom images, it is seen the isosurfaces of constant vorticity coefficient C,, = —0.25 and C,, = 0.25.
The top-right image refers to the circular ducted AD simulation at J = 0.7, and the bottom-left and bottom-
right images refer to the square ducted AD computations at / = 0.9 and J = 0.7, respectively. At J = 0.9, when
Qprop =515.41ad/s, Cy, = 0.25 © wy = 257.7.

The top images of Fig. 7.8 indicate that, in these installed cases, there are no strong vortices being gen-
erated. On the other hand, from the bottom images it is clear that two counter rotating vortices form at the
corner of the square duct in the AD simulations. These symmetric vortices are formed due to the static pres-
sure jump that occurs at the AD location. The pressure jump causes a static pressure gradient between the
spanwise locations of the duct far away from the corners (¢pgqucr = 0 and ¢gquc: = 1, in the image) and the
flow’s static pressure at the corner (44, = 0.5). In this way, these vortices were expected to have a strong
influence in the performance of the system. Firstly, the vortices were expected to influence the Cp, and Cy,
distributions on the duct surfaces. In strong association with the impact on the C, distributions around the
duct, the corner vortices were also expected to contribute towards an increase in the induced drag of the sys-
tem. In this way, the corner vortices were expected to influence the spanwise distribution of forces on the
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square duct as well. These matters are further discussed in the following sub-sections.

Besides the two corner vortices, it can also be noticed a weaker vortex in the two bottom images of Fig.
7.8, inside the square duct and near the spanwise location ¢ 44, = 1 (bottom right of each image). An equiv-
alent vortex does not occur in the "symmetric" spanwise location (at ¢44,¢: = 0). Thus, it can be concluded
that this vortex is generated due to the rotation of the flow inside the duct, which is caused by the AD. It
should be stated that the AD is simulating a propeller which rotates with a negative angular velocity in the
axial direction: ﬁprop, j=0.7 = —662.59€,. Thus, seen from downstream, as in Fig. 7.8, the propeller rotates in
the clockwise direction. Nevertheless, Fig. 7.8 indicates that the counter rotating vortex pair at the corner of
the duct is considerably stronger than the vortex seen near ¢ 44,c, = 1, and should have a larger influence in
the performance of the system.

e

(c) Installed square duct, J/ = 0.9 (d) Installed square duct, J = 0.7

Figure 7.8: Axial vorticity isosurfaces from several installed configurations, with a duct, the Xprop’s na-
celle and the AD. In the four images, the isosurfaces are seen from downstream. The top-left image
shows the result from the installed square duct simulation in the power-off case. It is shown the iso-
surfaces of constant axial vorticity: w, = —257.7 and wy = 257.7. The top-right image shows the result
from the installed circular duct simulation with the AD operating at J = 0.7. The bottom left and right
images show the results from the installed square duct simulations with the AD operating at J = 0.9
and J = 0.7, respectively. The top right and bottom images show isosurfaces of constant axial vorticity
coefficient: C,,, =—0.25and C,, = 0.25.

In order to gain a better understanding of how the corner vortices are generated, the flow velocities at the
corner of the square duct were evaluated. Figure 7.9 shows the contours of axial velocity at the duct’s corner
y and z location at four axial planes: x/c =0.3, x/c=0.5, x/c =1 and x/c = 1.5. The Figure also shows vectors
indicative of the flow velocity in each plane of study. Figures 7.9a, 7.9b and 7.9c show that there is an axial re-
versed flow region at the duct’s corner, which is indicative of separation. This indicates a drawback of square
ducted propellers, since separation can adversely affect performance by contributing towards pressure drag.
The velocity vectors of Figs. 7.9a and 7.9b show that the flow is moving from the corner towards the centre
of the duct. This phenomenon can be associated with the slipstream contraction caused by the AD. Due to
mass flow conservation, this phenomenon is only possible due to the reverse flow at the corner. Indeed, Fig.
7.9a suggests that there is a source at the corner, which would be difficult to explain without considering
separation and the corner’s recirculating flow. Figure 7.9c indicates that the spanwise movement of the flow
along the duct’s surface towards the corner indeed occurs at the trailing edge, due to the spanwise pressure
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gradient, which is favourable if the flow is moving towards the corner. The velocity vectors in Fig. 7.9c also
suggest that the vortices are already present, or forming, in this axial location. Half duct chord downstream
of the duct, the corner vortices are more clearly noticeable, as shown in Figure 7.9d.
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Figure 7.9: Axial velocity contours and transversal velocity vectors at the corner of the square duct, at four axial
planes: x/c = 0.3 (top-left), x/c = 0.5 (top-right), x/c = 1 (bottom-left) and x/c = 1.5 (bottom-right). The

length of the vectors shown, A, was calculated from A/c = 0.3,/ V7 + VZ/ V.

In order to access if the adverse effects caused by separation are indeed affecting the square duct’s flow-
field, Fig. 7.10 shows the Cp, contours in the viccinity of the duct, at a plane defined by the azimuthal location
7.10. Thus, the Figure includes the increase in total pressure in the AD’s slipstream. The phenomenon of slip-
stream contraction can also be noticed, inside the duct. This contrasts with what would have been expected
for a circular duct, for which slipstream contraction is only expected to occur outside the duct, assuming that
mass is conserved inside the duct. Figure 7.10 also indicates that there is a large loss of total pressure at the
duct’s corner, which is associated with losses due to dissipation. Therefore, the large region of low Cp, also
suggests that separation occurs at the corner.

Figure 7.11 summarises the understanding of the formation of corner vortices which was obtained from
the results presented in this section. The Figure shows a sketch representative of the flowfield at a plane at the
duct’s trailing edge. The regions of higher static pressure in the slipstream of the propeller are represented, as
well as the region of lower C, at the corner. The region of low total pressure at the corner, due to separation,
is also represented. Moreover, the direction of movement of the flow is also represented: in the tangential
direction in the AD’s slipstream, along the duct’s surface due to the pressure gradient and at the corner, rep-
resenting the vortices.
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Figure 7.10: Total pressure coefficient, C per distribution in the Figure 7.11: Sketch representative of the formation of
vicinity of the square duct, installed with the nacelle and with corner vortices in the powered square duct simula-
the AD. The lines of constant Cp, = 0.98 are highlighted. The tions, at the duct’s trailing edge. The black arrows indi-
contour is located at 6 = 45°. Results obtained from the sim- cate the direction of flow velocity in the plane consid-
ulation with the AD operating at J =0.7. ered, either due to the slipstream rotation, due to the
vortices, or due to the pressure gradient towards the

corner.

PRESSURE AND SKIN FRICTION AT THE DUCTS

In Figs. 7.12 and 7.13, it is shown the chordwise C,, distributions at the installed circular and square ducts,
respectively. The distributions are shown for the power-off case, and for the case with the AD operating at
J =0.7. Cp, was evaluated for the circular duct at the spanwise locations 6 = 30° and 6 = 60°, and for the
square duct at ¢ = 0 and ¢ = 0.5. In Figs. 7.14 and 7.15, it is shown equivalent distributions for the axial skin
friction coefficient.

In Fig. 7.12, it can be noticed that the C;, distributions match well for different spanwise locations at the
circular duct. This occurs due to the fact that the two cases considered in Fig. 7.12 are axisymmetric prob-
lems. Indeed, the increase in momentum and energy done by the AD is uniform for all azimuthal positions.
Figure 7.12 also shows the strong low pressure peak that occurs at the leading edge of the circular duct, with
the AD operating at J = 0.7. The C, chordwise distribution at the circular duct in the power on case resembles
the Cp, distribution of an airfoil at an angle of attack. This is due to the fact that the slipstream contraction
which occurs upstream of the duct indeed causes a change in effective angle of attack of the duct sections.

In Fig. 7.13, the suction peaks at the square ducts inner surface for the power-on condition are also no-
ticeable. However, it is clear that the C), distributions vary with spanwise position, for the installed square
ducts case. At J = 0.7, it is also clear that the low pressure suction peak is stronger at ¢ = 0 than at ¢ = 0.5.
This result is specially interesting considering that, as it had been referred previously, for the power-off case
the suction peak is larger at the corner of the square duct. At J = 0.7, the suction peak is stronger at ¢ =0
than at the corner of the duct because the ducts’ corner is further away from the AD. In this way, the effect
of slipstream contraction in changing the duct sections’ effective angle of attack is less felt at the square duct
corner than at ¢ = 0. Moreover, it is also interesting to notice that the suction peak at the location ¢ = 0 of the
square duct is lower than the suction peak at the circular duct’s inner surface, for the same operating condi-
tion. There are two reasons which justify the difference. Firstly, it is more difficult to have a localised very high
suction peak at the square duct, at ¢ = 0, since the low pressure peak would be force to spread in the spanwise
direction. On the other hand, at the circular duct (shrouding an uniform AD), the low pressure peak occurs
at all spanwise locations. Secondly, the cross sectional area inside the square duct is larger than inside the
circular duct. This means that the slipstream contraction upstream of the AD is less constrained by the square
duct than by the circular duct. In this way, the effective angle of attack of the circular duct sections is higher
than the effective a at the square duct’s spanwise location ¢ = 0. Even though the difference is small, it can be
noticed from Figs. 7.12 and 7.13 that the axial position of the stagnation point at the circular duct’s outer sur-
face is further downstream than the stagnation point of the square duct at ¢-0, for the power-on condition.
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This difference in stagnation point location also indicates that the circular duct section experiences a higher
effective a. Moreover, from 7.13 it can also be noticed that the static pressure coefficient at the corner of the
square duct does not recover to values higher than the free-stream (Cj,, = 0), towards the trailing edge. One
of the causes for this trend are vortices which are formed at the corner of the square duct, in the power-on
simulations. The vortices are characterized by a lower static pressure at its core (as seen e.g. in Fig. 6.2). In
this way, the impingement of the vortices in the duct results in a lower pressure felt at the surface. The lower
static pressure at the trailing edge of the square duct corner sections results in a higher drag of the system (or
lower thrust production).

In Fig. 7.14, it can be seen that there is also an agreement between the skin friction distributions over
the circular duct, for different spanwise locations. The differences found for the Cy, distributions between
6 = 30° and 6 = 60° (for the same operating condition) can be attributed to a numerical error. It had already
been noticed in Figs. 5.20 and 5.21 (relative to the circular duct’s convergence study) that the numerical dis-
cretization error is more noticeable on the Cr, chordwise distributions than on the C), distributions. Despite
of the influence of the numerical error, it can be understood from Fig. 7.14 that the transition location moves
upstream at the inner surface of the duct, for the power-on condition. Besides, it can also be understood
that there is a strong decrease in skin friction at the AD location (x/c¢ = 0.3). This is due to the fact that the
static pressure jump at the AD causes vorticity in the positive tangential direction at high radial locations (at
r/Ry = 1). The flow at /R, = 1 is "pushed" from the higher static pressure region towards the low pressure
region. This phenomenon indicates that a higher static pressure jump could cause local separation of the
duct’s boundary layer, since it could cause the flow to have a negative axial velocity at the vicinity of the duct’s
surface.

In Fig. 7.15, it can be noticed that there is also a sudden decrease of skin friction at the AD location (at
J =0.7), at the square duct’s spanwise location ¢ = 0. This matches with what was identified in the circular
duct relative to the corresponding power-on configuration. At the corner location (¢ = 0.5), it can be under-
stood that strong separation occurs for the powered case, at the inner surface. Indeed, it can be seen that Cy,
turns negative around x/c¢ = 0.2, at this spanwise location. It had already been noticed from the unpowered
simulations that the square duct’s corner BL was prone to separation, due to the BLs high thickness. However,
separation appears to be considerably more severe at J = 0.7 than at the power-off case, when separation only
occurs very close to the trailing edge (as shown in Fig. 7.15). Boundary layer separation is also expected to
influence the performance of the system, resulting in an increase in pressure drag of the duct.

Circular duct, installed (AD): Cp vs x/c Square duct, installed (AD): Cp vs x/c
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Figure 7.12: Pressure coefficient distribution at two sections Figure 7.13: Pressure coefficient distribution at two sections
of the circular duct: 6 = 30° and 8 = 60°. The result obtained of the square duct: ¢ = 0° and ¢ = 0.5°. The result obtained
from the (power-off) installed case is compared against the from the (power-off) installed case is compared against the
result obtained for the power-on AD case, at J =0.7. result obtained for the power-on AD case, at J = 0.7.

Besides comparing the Cp, and Cy, chordwise distributions of the square duct in the power-on condition
versus the unpowered case for specific spanwise locations, it was also found relevant to analyse the C, and
Cy, contours over the entire inner surface of the square duct, for the powered case. In fact, it was found rel-
evant to understand how the corner vortices may influence the pressure over the duct’s surface, and also to
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analyse the extent of the reverse flow region at the duct’s corner indicated by Fig. 7.15. In this way, Figs. 7.16a
and 7.16b show precisely the Cj, and Cy, contours over the inner surface of the duct, from the simulation with
the AD operating at J = 0.7. The contours are seen from a point of view inside the duct. From the C;, contour,
it is interesting to clarify that the suction peak near the duct’s leading edge indeed lowers gradually from the
duct spanwise locations near the AD disk, ¢gqucr =0 and ¢gquc, = 1, towards the corner location. Further-
more, in Fig. 7.16a it can also be noticed that there are two relatively small regions of lower static pressure
at the trailing edge, located symmetrically in the spanwise direction with respect to the corner. These two
regions of low static pressure can be attributed to the corner vortices, as vortices are characterized by a low
static pressure in its core.

In Fig. 7.16b, the Cy, contours shown are constrained between —0.003 < C¢, < 0.003, even though the
axial skin friction coefficient at the duct’s inner surface reaches values considerably higher, as shown e.g. in
Fig. 7.15. This constraint was set so that the region of reversed flow at the duct’s surface could be more easily
identified. In fact, from Fig. 7.16b it can be understood that the region of reversed axial flow at the duct’s
surface is relatively large, covering a considerable spanwise portion at near the trailing edge. Moreover, it is
also interesting to notice that the flow separates in the axial direction firstly at the corner location, slightly
upstream of the AD. However, from the Cy, contour alone it can not be concluded if BL separation actually
occurs, since the flow may still be moving in the spanwise direction when Cy, = 0.

In order to gain a more complete understanding of the movement of the flow along the square duct’s sur-
face, Fig. 7.16c shows the tangential skin friction contours at the duct. Moreover, oil flow visualisation lines
are also shown at the duct’s surface, in Fig. 7.16c. Since the velocity at the duct’s (no-slip) surface is 0, the
oil flow lines are calculated by the solver considering the skin friction direction at the wall. Figure 7.16c is
in agreement with the results discussed previously, e.g. shown in Fig. 7.9), regarding the velocity of the flow
in the vicinity of the duct’s corner. Indeed, Fig. 7.16c¢ also indicates a movement of the flow away from the
corner at the AD’s axial location, x/c = 0.3, associated with the slipstream contraction caused by the AD. Near
the duct’s trailing edge, Fig. 7.16c also indicates a movement of the flow towards the duct’s corner, which
is consistent with what had been previously discussed regarding the effect the spanwise pressure gradient in
the movement of flow at the duct’s trailing edge. Furthermore, Fig. 7.16¢ also suggests that the corner vortices
may originate at the duct’s surface. Near the trailing edge, the oil flow lines indicate two vortical flow regions
(symmetric with respect to the corner), which are consistent with the regions of lower C, shown in Fig. 7.16a.
The vortical flows appear to be caused by the combined effects of separation in the axial direction (which
leads to reversed axial flow) and of the spanwise movement of the flow towards the corner due to a spanwise
pressure gradient.
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Figure 7.16: Contours of pressure coefficient (left image), axial skin friction coefficient (center image) and tangential skin friction coeffi-
cient (right image) on the square duct’s inner surface. The right image also shows oil flow lines over the duct’s surface. Results obtained
with the AD operating at J = 0.7. It is also shown a slice at the AD axial location: x/c=0.3.

PROPELLER INFLOW AXIAL VELOCITY

As it was previously referred, the performance of the propulsor is fixed in the AD simulations, from the inputs
given to the model. Still, it is possible to make predictions regarding the performance of the propeller inside
each duct from the flowfields calculated with the ducted AD computations. In Fig. 7.17, it is shown the aver-
age axial velocity (normalised with free-stream velocity) at the propeller location versus radial position, from
the results of each installed simulation with the AD. The results obtained from the installed power-off calcu-
lations are also shown. From Fig. 7.17, it can be understood that at every AD operating condition tested V, is
higher inside the circular duct than inside the square duct. Moreover, this difference also appears to increase
with higher AD thrust settings (lower J). For the unpowered cases, the difference in V, profiles between the
two ducts has been attributed to the higher contraction of the cross sectional area inside the circular duct
from the leading edge towards x/c = 0.3. For the power-on cases, the thrust produced by each duct also has
an effect in the axial velocity inside the duct. As it was seen in Figs. 7.12 and 7.13, the leading suction peaks
are stronger for the circular duct than for the square duct, with the operating AD. The lower C,, in the vicinity
of the circular duct’s leading edge, which is associated with the production of thrust by the duct, is also asso-
ciated with a higher flow velocity in this region. Indeed, total pressure is constant upstream of the AD, in the
installed simulations. As it was previously referred, a higher V, profile at the propeller disk leads to a lower
thrust production by the propeller, considering a constant rotational velocity.
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Figure 7.17: Average axial velocity profile, normalised with the free-stream velocity, inside both
circular and square ducts, at the AD location: x/c = 0.3. The results are shown for the installed
cases, with a duct, the propeller’s nacelle and the AD.
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FORCES ON THE COMPONENTS

In order to understand how the aerodynamic performance of each duct is affected by the operating condition
of the AD, it is also relevant to analyse the spanwise distribution of forces at the two ducts, for each thrust
setting. Figures 7.18 and 7.19 show the spanwise distribution of pressure and friction thrust forces on the
circular and square ducts, respectively. For each component, it is shown the thrust coefficient per unit span.
The friction thrust coefficient, T¢,, is negative for both ducts in all spanwise locations, since the friction force
always acts in the downstream direction. From Fig. 7.18, it can be understood that, for all operating condi-
tions, the T, and T¢, distributions do not vary in the spanwise direction. This result is consistent with what
what been discussed previously regarding the Cj, and Cy, chordwise distributions at the circular duct surface.
Indeed, the Cp and Cy, distributions were also found to be constant in the circular duct surface, along the
spanwise direction. Another interesting result seen from Fig. 7.18 is that the friction "thrust" does not appear
to vary much for the different AD settings.

In Fig. 7.19, it can be seen that the square duct’s T, experiences noticeable variations in the spanwise
direction, for all operating conditions considered. This variation contrasts with what is shown in Fig. 7.18
for the circular duct. Still, the result for the square duct could have been predicted based on what was dis-
cussed regarding the square duct’s C, and Cy, chordwise distributions. As it was referred, there is a higher
suction peak at the inner surface of the square duct for the sections closer to the AD (an further away from
the corner), in the powered calculations. Furthermore, the flow at the duct’s corner inner surface was found
to experience strong separation, at J = 0.7. The vortices at the duct’s corner were also found to contribute
to a higher pressure drag in this region. In this way, it is understandable that T¢, is higher for square duct
section further away from the corner (which is located at ¢p = 0.5), whereas the sections near the corner actu-
ally produce a pressure drag, or a negative T;,. Comparing Figs. 7.18 and 7.19, it can also be noticed that the
pressure thrust produced at the square duct is lower than the pressure thrust produced by the circular duct, at
the same J, for all spanwise positions. This result is also consistent with what had been referred regarding the
Cp distributions of both ducts, since the circular duct experiences stronger low pressure peaks at the leading
edge.

From Fig. 7.19, it is also interesting to notice that T, is higher (closer to 0) for the square duct sections
near the corner. This phenomenon is caused by the BL separation which occurs at the corner of the duct, and
which gets more severe for higher AD thrust settings. Since BL separation has a strong effect on increasing
the duct’s pressure drag, the small increase in T¢, at the corner should not be seen as an improvement in
propulsive performance of the system.

Figure 7.20 makes a final comparison between the thrust forces present on all the power-on and installed
configurations discussed so far. In this way, the T, of the Xprop obtained from the isolated simulations can
be compared with the thrust coefficient of each duct and of each ducted system (duct + AD), for the three ad-
vance ratios considered. It has been referred before that the thrust of the AD in each installed configuration
corresponds to the thrust of the isolated Xprop at the same J. Moreover, in Fig. 7.20 it is also plotted, for com-
parison, the thrust of the installed ducts in the power-off case, which is therefore negative (it is a drag force).
It is also plotted the thrust of each Xprop blade, which is 1/4 of the Xprop’s isolated thrust, as the forces on
the spinner and nacelle were neglected. The thrust of each blade was plotted for comparison with the thrust
generated by each duct in the AD powered simulations.

From Fig. 7.20 it is first very clear that the circular duct is capable of producing more thrust than the
square duct, independently of the advance ratio. Moreover, it is also interesting to notice that, at / = 0.7, the
circular duct produces almost as much thrust as one isolated Xprop blade. From the total thrust of each sys-
tem, it can be seen that the square ducted AD produces a similar thrust as the isolated Xprop, due to the fact
that the square duct’s thrust is small compared to the isolated Xprop’s thrust. It can also be understood that,
at the lowest J tested, the square duct produces a negative thrust (drag), since the effect of slipstream contrac-
tion is too small. The thrust produced by the circular ducted AD system is higher than the thrust produced
by the isolated Xprop for all operating conditions tested, even though it is noticeable that this difference is
shortening fast as the advance ratio is increased. It is also expected that the circular duct would produce drag
instead of thrust for a sufficiently low AD thrust setting.

Furthermore, Fig. 7.20 also shows the efficiency of the three propulsive systems considered: isolated
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Xprop, circular ducted AD and square ducted AD. However, it should be kept in mind that this efficiency
comparison is quite unfair, in the sense that for the three cases it was considered the same power supplied
by the system: the shaft power of the isolated Xprop (at each J). This is due to the fact that the isolated Xprop
torque distributions were used as an input for the AD, and the rotational velocity Q associated with the AD
simulations was the same as the Q. at which the input for the AD was obtained. However, this angular
velocity has no direct influence in the ducted AD results, as the AD model does not require Q as an input.

Despite the fact that this efficiency comparison between the three propulsion systems can be considered
unfair, it is still interesting to notice that the efficiency curve of the isolated propeller system seems to be
the curve which is further away from the maximum efficiency values. On the other hand, for the ducted AD
systems, the gradient of each efficiency curve appears to be closer to 0 at the highest advance ratio tested,
J =0.9. This indicates that, for ducted propeller propulsion systems, maximum efficiency should be reached
at a lower J than the maximum efficiency of the corresponding isolated propeller.
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case corresponds to the efficiency of the system.
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7.2. DUCTED XPROP

In the previous section it was investigated how the aerodynamic performances of the circular and square
ducts were affected by installation. It were considered both unpowered and power-on AD cases. However,
since powered results shown in the previous section were obtained with an AD (with fixed T and Q distribu-
tions), it was not yet discussed the effect of installation on the Xprop. Since it was expected that this effect
would be different for the two ducts, it was considered essential to investigate how each duct would affect the
performance of the propeller. In this way, this section analyses the results obtained from the two unsteady
ducted propeller simulations. Firstly, it is analysed the vortices generated at each ducted system (section
7.2.1). Secondly, it is evaluated the pressure coefficient and skin friction coefficient distributions at each duct,
in section 7.2.2. Thirdly, it were analysed the radial distributions of thrust and torque at the propeller (section
7.2.3). Afterwards, it is investigated the effect of the full blade propeller model on the spanwise thrust dis-
tributions on each duct (section 7.2.4). Finally, it is then possible to make final comparisons over the overall
performance of the three full blade model propulsion systems (section 7.2.5): isolated Xprop, circular ducted
Xprop and square ducted Xprop.

7.2.1. FLOWFIELD CHARACTERISATION

In the previous section (7.1), it were identified vortices generated by the square ducted AD system, and their
influence on the performance of the propulsion system. The present section aims at understanding if corre-
sponding vortices are also generated in the installed systems with the full blade propeller model. In this way,
itis shown in Fig. 7.21 isosurfaces of constant axial vorticity coefficient C,, = —0.25 and C,,, = 0.25, for three
installed systems operating at J = 0.7: square ducted AD, in Fig. 7.21a, square ducted Xprop, in Fig. 7.21b,
and circular ducted Xprop, in Fig. 7.21c. The isosurfaces are seen from downstream, but the point of view is
not aligned with the x-axis. This axonometric projection was found to show the corner vortices on the ducted
propeller system more clearly. In fact, there is more "noise" shown at the figures with C, . isosurfaces relative
to the propeller ducted systems, since the propeller’s blade also generates vorticity.

By comparing Figs. 7.21a and 7.21b, it can be understood that the corner vortices are also generated on
the propeller system. However, the figures indicate that the corner vortices are stronger at the AD system,
since these vortices dissipate further downstream in this simulation. However, the dissipation of the vor-
tices is also associated with the numerical error in the simulations, which could happen differently in the two
cases, e.g. because the two grids are different. Furthermore, the vortices generated in the AD system also
appear to be more uniform. As it was previously discussed, the corner vortices are caused by the spanwise
pressure gradient from the middle of the duct (¢4qucr = 0 and ¢ gqucr = 1) towards the corner (Pggyucr = 0.5),
which is due to the static pressure jump caused by the propulsor (AD or propeller). In the AD’s steady simula-
tion, the pressure gradient towards the corner is constant. However, in the unsteady square ducted propeller
simulation, the pressure gradient towards the corner is only present when the blade’s azimuthal position is
near the middle sections of the duct (044, close to 0° or 90°). This difference can explain why the vortices
are more uniform at the corner of the ducted AD system. The difference also indicates that the decrease in
performance of the system caused by the corner vortices is more prominent in the AD system. Moreover,
Fig. 7.21D also indicates that the vortex created at ¢4quc; = 1 due to the rotation in the slipstream induced
by the propulsor is also present in the square ducted propeller simulation. However, comparing Figs. 7.21a
and 7.21b it can also be understood that this vortex is more uniform in the AD simulation. In the full blade
simulation, the vortex is only formed when the blade passes near the duct surface (at ¢ ggucr = 1).

Comparing Figs. 7.21b and 7.21c, it can be understood that there is less axial vorticity generated in the cir-
cular ducted propeller system, with respect to the square ducted system. This indicates an advantage of the
circular ducted system in terms of performance, since the circular duct does not generate as strong vortices
as the corner vortices at the square ducted system. In both Figs. 7.21b and 7.21c it is also possible to identify
vorticity generated by the propeller. At low radial positions, the rotation in the flow caused by the propeller
results in negative axial vorticity. On the other hand, the blade tip generates a positive axial vorticity, as the
blade tip vortex is created. The isosurfaces of positive C,,, at high radial positions (r/ R, = 1) in Figs. 7.21b and
7.21c indicate that the blade tip vortices are stronger on the square ducted system. It was already expected
that the blade tip vortices would be stronger on the square ducted system, for two main reasons. Firstly, the
blade tip clearance is lower, on average, for the circular ducted system. It was already discussed in section
2.2.3 that a lower tip clearance between the blade and the duct results in a lower tip loss, as it is generated a
lower tip vortex at the tip. Secondly, from the results of the AD simulations it was concluded that there is a
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considerably lower axial velocity at the propeller location inside the square duct than inside the circular duct,
for the same AD thrust. In the full blade simulations, a lower flow axial velocity at the propeller disk results in
a higher blade thrust, for the same Q ), and consequently in stronger blade tip vortices.

@ (b)

(c)

Figure 7.21: Axial vorticity coefficient isosurfaces from three installed configurations: square duct with the AD (top-left), square duct
with the Xprop (top-right), and circular duct with the Xprop (bottom). The operating condition corresponds to J = 0.7, for the three
cases. The images show isosurfaces of constant axial vorticity coefficient: Cy, = —0.25 and C,, = 0.25. The isosurfaces are seen from
downstream in an axonometric projection.

Time-accurate axial vorticity coefficient isosurfaces from the unsteady simulation of the square duct with
the Xprop. The Figure shows isosurfaces of constant axial vorticity coefficient C,,, = —0.25 and C,,, = 0.25, for
radial positions 1.05 < r/Ry,. The azimuthal position of the blade at the recorded timestep was 0p;44. = 45°.
It is also shown a slice at the duct’s surface, at the propeller’s axial location: x/c = 0.3. View from inside the
duct.

7.2.2. PRESSURE AND SKIN FRICTION AT THE DUCTS

In this section, it is analysed the pressure and axial skin friction coefficient distributions over each duct’s in-
ner surface from the ducted propeller simulations. In the previous sections of the report, is has been noticed
that the C, and Cy, chordwise distributions on the circular duct’s surface are constant for different spanwise
(or azimuthal) locations. However, for the full blade simulations, the flowfield was not expected to be axisym-
metric, due to the presence of the blade. Therefore, for the full blade simulations, it was decided to analyse
the contours of C, and Cy, over the duct surfaces. In Fig. 7.22, it is shown precisely the time-accurate Cy, and
Cy, contours over the inner surface of the circular duct. In the recorded timestep, the azimuthal position of
the blade was 0p;44. = 45°. In Fig. 7.22a, it can be seen the influence of the blade position on the C;, contour.
Near the duct’s leading edge, it can be understood that the suction caused by the blade is more heavily felt
on the azimuthal positions near the blade. At a higher blade tip Mach number, it could be expected that the
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region of higher suction at the leading edge would move further behind the blade (in the azimuthal direc-
tion). This is due to the fact that in a compressible simulation the pressure perturbations propagate at the
speed of sound (which is also a pressure perturbation). The fact that there is a lower Cj, at the duct’s leading
edge for azimuthal locations near the blade indicates that, at this time step, the duct spanwise locations in
the vicinity of 8.4, = 45° should be able to produce more thrust than the spanwise locations further away
from the blade.

Figure 7.22a also shows that there is a line of low pressure propagating downstream from the blade’s lo-
cation. Comparing Fig. 7.22a with Fig. 7.22b, it can be understood that the line of lower C, which starts
at the blade location corresponds to a region of reversed flow in the axial direction, where Cy, is negative.
The reverse axial flow appears to start at the propeller blade tip location. This can be explained due to the
high adverse pressure gradient felt at the duct surface near the blade tip, due to the influence of the blade’s
suction and pressure sides on the flowfield. In order to understand how the reverse flow region propagates
downstream, it is shown in Fig. 7.23 a zoom at the C, contour over the duct’s inner surface near the blade tip
location. In Fig. 7.23, itis also shown the isosurfaces of constant tangential vorticity coefficient: C,, = —1 and
Cw, = 15. In this way, it is possible to understand from Fig. 7.23 that the blade tip vortex, shown by the isosur-
face Cy, = 15, causes the reverse flow at the duct surface. Immediately downstream of the vortex, C r, turns
again positive. For this reason, it is expected a low influence of the blade tip vortex on the drag (or thrust) of
the circular duct. Immediately upstream of the blade tip vortex, it can be noticed a relatively short region of
high axial skin friction. In this region, it can also be understood that there is a secondary vortex (seen from
the isosurface C,, = —1), counter rotating with respect to the main blade tip vortex. Therefore, the secondary
vortex explains the region of high axial skin friction upstream of the main vortex. Figure 7.24 illustrates the
influence of the blade tip vortex in the axial skin friction felt at the circular duct’s surface.

Figure 7.25 shows the Cp, and Cy, contours on the inner surface of the square ducted system, for a timestep
where the blade was located at 044, = 45°. In Fig. 7.25a, it can be understood from the C,, contours that the
duct’s leading edge suction peak is higher for spanwise locations further away from the corner. Since the
blade is at 0744, = 45°, this observation contrasts with what was seen in Fig. 7.22a, relative to the circular
duct, where it was observed that the strongest leading edge suction on the duct happens for azimuthal lo-
cations in the vicinity of the blade. Furthermore, form Fig. 7.25a, it can also be understood that the square
ducts’ corner vortices lead to lower pressure near the ducts’ trailing edge. From Fig. 7.25a, itis also interesting
to notice that the C,, distribution at the inner surface of the square duct is highly asymmetric with respect to
the corner’s spanwise location (¢ 44y = 0.5). This asymmetry is due to the unsteadiness caused by the blade
rotation, as it contrasts with the relatively small asymmetries seen for the equivalent contour in the square
ducted AD system (Fig. 7.16a).

From Fig. 7.25b, it is important to notice that there is a relatively large region of reversed axial flow in the
vicinity of the ducts’ corner. This phenomenon negatively affects the performance of the duct, as it prevents
the static pressure from recovering towards the trailing edge. For fully unseparated flows, the axial velocity of
the flow is expected to lower towards the trailing edge of a component, e.g. a wing or duct, enabling a static
pressure recovery, considering a constant total pressure outside the BL. However, this phenomenon is not
possible if the axial velocity of the flow is reversed for a large region over a duct’s surface, as seen in Fig. 7.25b.
From the Cy, contour, it can also be seen a small region of negative axial skin friction in a spanwise position
far from the corner, near ¢4, = 0. This short region of reversed flow can be caused by the blade tip vortex,
similarly to the phenomenon observed in Fig. 7.23 for the circular duct.

7.2.3. INSTALLED PROPELLER PERFORMANCE

In order to understand how the performance of the propulsion system changes by modifying the duct shape,
it is also important to analyse the influence of the modification in the performance of the propeller. In this
way, Figs. 7.26 and 7.27 were used to compare the thrust and torque coefficient distributions of the propeller
for the different cases in which a full blade model was used in the computations. Figure 7.26 shows the aver-
age radial distributions of thrust and torque at one Xprop blade from the unsteady simulations at / = 0.7 of
the isolated propeller (with the small propeller domain), of the circular ducted propeller, and of the square
ducted propeller. Furthermore, Fig. 7.26 also shows the time-accurate blade distributions from the circular
ducted case at 60 different timesteps, which were spaced by the time equivalent to a 3° blade rotation. In this
way, the 60 distributions shown for the circular ducted system indicate the spread of the thrust and torque
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Figure 7.22: Time-accurate pressure coefficient and axial skin friction coefficient contours at the circular duct’s inner surface, from the
ducted propeller unsteady simulation. The azimuthal position of the blade at the recorded timestep was 0p;,4, = 45°. View from inside
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Figure 7.23: Time-accurate axial skin friction coefficient con-
tour at the circular duct’s inner surface, from the ducted pro-
peller unsteady simulation. It is also shown isosurfaces of
constant tangential vorticity coefficient, Cup=-1 and Cug=15,
at radial locations 0.95 < r/Rp < 1. The azimuthal position

Figure 7.24: Sketch representative of the interaction between
the blade tip vortex (and its counter rotating weaker vortex)
and the circular duct’s boundary layer. The direction of skin
friction felt at the duct is indicated, as well as the location
where BL separation may occur, in case the tangential skin

of the blade at the recorded timestep was 0,4, = 45°. View friction is also 0 at this location.

from inside the duct, zoom at the blade tip location.

coefficient radial distributions over a 180° blade rotation. In Fig. 7.26, it is also shown the distributions of T,
and Q. for the square ducted case at 90 different blade azimuthal positions, spaced by 1°. The distribution at
each blade location was calculated from the average over three timesteps at which the blade was located at
the same 0p;44.. The distributions for the square ducted system were calculated from a 270° blade rotation.
In this way, the distributions at 90 blade locations indicate the spread of the T, and Q. radial distributions for
a blade ducted by a square duct.

Analysing Fig. 7.26, it is possible to understand from the mean distributions of T, and Q. that the average
loading is highest at the isolated propeller’s blade for almost all radial locations. The circular ducted case
appears to result in the lowest average blade loading for most radial positions, considering the three systems.
This can be explained assuming that the presence of each duct causes an increase in V, at the propeller disk,
in comparison with the isolated propeller case. In the previous section, it was also concluded from the ducted
AD simulations that the flow’s axial velocity at the propeller disk is higher for the circular ducted case than for
the square duct (see Fig. 7.17).

However, at high radial locations, near the tip, it is possible to understand that the average loading of the
circular ducted propeller is higher than for the isolated propeller case. This happens due to the fact that, in-
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Figure 7.25: Time-accurate pressure coefficient and axial skin friction coefficient contours at the circular duct’s inner surface, from the
ducted propeller unsteady simulation. The azimuthal position of the blade at the recorded timestep was 0,4, = 45°. View from inside
the duct.

side the circular duct, there is a reduction of the blade tip vortex, and consequently a reduction of the blade
loss of loading near the tip. As discussed in section 2.2.3, the reduction of the tip loss is possible due to the
small gap (or tip clearance) existing between the propeller tip and the duct surface. For the square ducted
system, however, the tip clearance varies according to the blade position. Only for the positions 0p;44, = 0°
and 0p;44. = 90° the tip clearance of the blade inside the square duct is as low as the clearance inside the
circular duct. For this reason, on average the blade loading tip loss is higher for the propeller shrouded by the
square duct than for the circular ducted case.

Furthermore, from Fig. 7.26, it is also possible to understand that the spread in the distributions is con-
siderably higher for the square ducted case than for the circular ducted case. This was expected, since the
propeller experiences a constant inflow when ducted by the circular duct, whereas the for the square ducted
case the flow velocities at the propeller disk are expected to vary with the azimuthal position. Indeed, the non-
axisymmetric shape of the square duct was found to result in a non-axisymmetric flowfield at the propeller
disk. This was shown previously in Fig. 5.28, relative to the isolated square duct simulation. Furthermore, the
varying tip clearance at the square ducted propeller is also understood to cause variations in the propeller’s
blade loading.

As there is a large spread in the blade loading distributions for the square ducted case, it was decided
to analyse the blade T, and Q. distributions for specific blade azimuthal locations. In this way, it was de-
cided to analyse the blade loading for 0,44, = 0° and 044, = 45°, which are the positions of minimum and
maximum tip clearance, respectively. Moreover, it was also decided to analyse the blade azimuthal positions
Oprade =4°and 044, = 73°, which are the positions where the blade loading is highest and minimum, respec-
tively. Moreover, the position 8,4, = —4° was also analysed (which is the same as 6,44, = 86° for a 4 bladed
propeller), since the tip clearance is the same in this case as for the position of maximum blade tip loading.
The distributions of thrust and torque for these specific locations is shown in Fig. 7.27. Firstly, it can be con-
cluded that the location 6,4, = 0°, of lower tip clearance, indeed leads to the highest thrust and torque at
the tip, indicating that it is indeed the location where the loading tip loss is lowest. However, at 0744, = 4°
the blade is able to produce more thrust and torque than at 8;;,4, = 0°, for the radial location of maximum
loading (r/R;, = 0.85). Moreover, for high radial location, the blade also produces more thrust at 644 = 4°
than at 04,4, = —4° despite of the similar tip clearance. Taking into account that the blade is rotating in the
direction of increasing 0,;,4., the trend seen in the blade distributions indicates that there is a time response
associated with the increase in loading at high radial locations due to the decrease in tip clearance. In this
way, the results indicate that the blade loading keeps increasing from 8,4, = 0° towards 644, = 4°, as the
tip clearance is still relatively short for 0° < 8,4, < 4°. However, there can also be differences in the blade’s
inflow velocity for —4° < 044, < 4° which may also cause differences in the blade loading for these azimuthal
positions. Furthermore, it should also be mentioned that there is an uncertainty related to the temporal dis-
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cretization error of the simulation, which was not estimated. The unsteady simulation of the square ducted
propeller was made using a time step interval correspondent to 0.5° of blade rotation. By performing more
simulations of the square ducted system with different time intervals between the time steps, it would have
been possible to study the influence of the temporal discretization error in the results. Thus it would have
been possible to analyse the influence of the temporal discretization error in the time response required for
the blade loading to increase due to the decrease in tip clearance. However, the temporal discretization error
was not accessed in this research due to time constraints.

Furthermore, Fig. 7.27 also allows the comparison of the blade distributions at 8,4, = 45° and 0440 =
73°. It is possible to understand that, for both cases, the thrust and torque (and therefore loading) is low for
radial position near the tip. This indicates that, in these two cases, the tip loss due to the high tip clearance
indeed causes a decrease in blade loading. For 0,4, = 45°, however, the loading at the radial positions in
the vicinity of /R, = 0.85 is considerably larger than for 644 = 73°. From the analyse of the isolated square
duct, it was understood that 8 = 45° was the azimuthal location where the V, profile (versus radius) at the
propeller disk position showed lower axial velocities. Indeed, a lower axial inflow velocity at 844, = 45° can
explain the higher blade loading in this location, with respect to blade positions where the tip loss effect has
a similar influence on the loading.
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Figure 7.26: Radial thrust coefficient distribution at the Xprop’s blade in the isolated (sPD) and installed config-
urations. For the isolated case, it is shown the average distribution. For the circular ducted case (Cducted), it is
shown both the average distribution and the distributions for the 60 recorded timesteps. For the square ducted case
(Qducted), it is shown both the average distribution and the distributions for the 90 recorded blade locations.

7.2.4. DUCT THRUST

Besides studying the effect of modifying the duct shape on the propeller performance, it is also important
to analyse the differences in duct performance between the AD and the full blade simulations. Figure 7.28
shows the thrust coefficient of each duct from the installed power-off configurations, from the installed sim-
ulations with the AD operating at J = 0.7, and from the installed configurations with the Xprop, also operating
at J = 0.7. For the installed cases with the Xprop, it is shown the average of the thrust produced by each duct
from the recorded timesteps. The values from the power-off cases are represented for comparison. These
values are negative, as the unpowered systems produce drag instead of thrust. It can be noticed that the def-
inition of thrust coefficient used in this report is simply the inverse of the drag coefficient defined with the
propeller disk area as the reference area: T, = —Cp.

From Fig. 7.28, it is clear that the circular duct is capable of producing considerably more thrust than the
square duct, for the operating conditions tested. Furthermore, it is also interesting to notice that the thrust
produced by the circular duct is higher for the AD case. On the other hand, the square duct produces more
thrust when ducting the propeller than the AD. In the previous section, it has been shown that the propeller
produces more thrust in the isolated configuration than on the two ducted cases. Comparing the ducted
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Figure 7.27: Radial thrust coefficient distribution at the Xprop’s blade in the isolated (sPD) and installed configu-
rations. For the isolated and circular ducted case, it is shown the average distribution. For the square ducted case,
it is shown both the average distribution and the distributions for specific blade locations.

cases it has also been understood that the propeller produces less thrust when ducted by the circular duct.
Since the AD was modelled with inputs obtained from the isolated propeller simulations, it should be con-
sidered that the the thrust produced by the AD inside each duct was higher than the thrust produced by the
propeller in the corresponding simulation. For the circular duct simulation, a higher thrust of the AD can
be understood to cause a stronger slipstream contraction upstream of the duct, therefore causing a higher

thrust production by the duct. The effect of slipstream contraction on the pressure forces over the duct was
previously explained in section 2.2.4.

For the square duct, a higher thrust of the AD with respect to the Xprop could also be expected to cause a
greater generation of thrust by the duct. However, Fig. 7.28 indicates the opposite, as it shows that the square
duct produces more thrust when ducting the Xprop. In section 7.2.1, it has been discussed that the square
duct corner vortices appear to be stronger on the AD simulation than on the Xprop simulation. Stronger
vortices at the corner would indeed explain a higher pressure drag at the square duct’s corner, this way de-
creasing its thrust. In order to gain further understanding of the differences in duct thrust production from
each case, it is proceeded for the analyse of the spanwise distributions of thrust on the ducts.

03 - Thrust of the circular and square ducts

[ Circular duct
0251 [ Square duct
0.2 -

0.15 |-

0.1

Thrust coeff. T _[-]

o B o

-0.05 ! [

QO QO

0 0

S8 e

& o W N
> o

wh

o\

A ’*Qx )
S S

N
A
o o®

Installed system: Duct, nacelle and propeller blades (or AD)

Figure 7.28: Comparison of the duct thrust coefficient calculated for several installed cases. The
results relate to the power-off simulations of both ducts with the Xprop’s nacelle, and to the ducted
simulations with an AD or with the Xprop at J =0.7.

In Figure 7.29 it is shown the spanwise variation of thrust at the circular duct obtained from the AD and
full blade model simulations, at J/ = 0.7. The plotted lines represent the friction, pressure and total thrust co-
efficients per spanwise unit length. For the full blade case, the spanwise location is defined as the azimuthal
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distance, in degrees, to the blade’s azimuthal location, ’. Negative 6’ relates to spanwise locations behind the
nearest blade, and positive 8’ relates to azimuthal locations in front of the blade, considering the blade’s di-
rection of rotation. For the AD simulation, 8’ was defined to be zero at the azimuthal location 8 = 45°. For the
full blade case, it is shown the spanwise distribution for the 60 recorded timesteps, which as it was previously
referred represent a 180° blade rotation. From Fig. 7.29, it can be understood that the distributions from the
unsteady simulation show a relatively small spread, considering the different timesteps. This is due to the
fact that the problem which is being simulated can in fact be considered a steady problem, if it is studied in a
reference frame which is rotating with the blade.

Analysing the friction thrust coefficient distributions shown in Fig. 7.29, it can be noticed that the T,
distributions match well for the AD and full blade model simulations. As expected, ch is in fact negative for
all spanwise locations. However, the T¢, distributions are shown to be quite different for the AD and full blade
case. Whereas for the AD simulation T¢, is constant along the duct’s span (or perimeter), for the full blade
computation T, sees large variations depending on the azimuthal distance of each spanwise location to the
blade. Indeed, it can be seen that in the vicinity of the blade there is a peak of high pressure thrust. This is
due to the fact that the suction caused by the blade is more heavily felt in its vicinity. This phenomenon has
been previously discussed in section 7.2.2, when the C,, contours over the circular ducted propeller where
analysed. The total thrust coefficient, T¢, is the sum of the pressure and skin friction components.Thus, it is
possible to understand that the differences in the T, spanwise distributions between AD and full blade model
are similar to the differences between the Tcp distributions.

In Fig. 7.30, it is shown the spanwise thrust coefficient distributions over the square duct for the unsteady
simulation with the full blade model. In order to show the spread, it were plotted the distributions on the
duct relative to each of the 90 blade locations for which the results were recorded. Moreover, the average
distributions are also shown. From the Figure, it is possible to understand that the friction thrust also sees
small variations for each spanwise location, during the propeller’s rotation. The pressure thrust, however,
sees large variations between the time steps recorded. Moreover, it is also interesting to notice that the local
T, sees a larger variation with time for spanwise locations further away from the corner (near ¢ =0or ¢ =1).
This is due to the fact that these locations are closer to the propeller disk, and therefore experience a higher
change in effective angle of attack when the blade passes. From the average distributions, itis also interesting
to notice that the locations far from the corner are able to contribute towards the generation of thrust by the
system, whereas the corner sections produce drag (T is negative). The low T, at the corner is due to several
reasons. Firstly, the corner sections are far from the propeller disk, and therefore experience a low change in
effective a due to slipstream contraction. Secondly, the vortices generated at the corner can locally reduce
the static pressure at the duct’s trailing edge, as seen in Fig 7.25a. Moreover, the reverse axial flow region at
the corner seen in Fig. 7.25b also makes it more difficult for the static pressure to recover towards the trailing
edge, as it was previously discussed.

Comparing Figs. 7.29 and 7.30, it can again be verified the higher capability of the circular duct to produce
thrust. This observation is specially interesting considering the fact that the Xprop produces more thrust in-
side the square duct than inside the circular duct. For the square duct, the maximum local thrust production
is seen for spanwise locations in the vicinity of ¢ = 0. However, the maximum dT¢,/dl seen for the square
duct is considerably lower than the maximum dT¢,/d! for the circular duct. This result is interesting since
the minimum blade tip clearance at the square ducted system is the same as the constant tip clearance in
the circular ducted case. In this way, the change in effective a at ¢4, = 0 when the blade passes might be
similar to the change in effective a for the circular duct section at 8’ = 0. However, for the square duct the
change in a for the remaining duct sections is smaller. In this way, the high suction which may be generated
at ¢pgaucr = 0 has to spread in the spanwise direction.

Figure 7.31 compares the spanwise thrust distributions on the square duct between the AD simulation
and the full blade simulation (average distributions). From the T, ; distributions, it can be noticed that there
is a good agreement for most of the spanwise locations. However, for the full blade case, there appears to be a
sudden decrease in Te; at Pgayce = 0.05 and ¢gqucr = 0.95. This pattern appears to be associated with a sud-
den decrease in T, at the same locations. Since this is only seen for the full blade simulation, it is presumed
that this sudden variation should be related to the vortex created when the blade passes in these locations.
Indeed, when reaching the trailing edge of the duct, a vortex generated by the blade would locally reduce the
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static pressure (as vortices have a low pressure in its’ core), and in this way locally reduce T¢,. For the static
pressure at the duct’s outer surface to match the static pressure of the inner surface at the trailing edge, the
flow at the outer surface would have to accelerate towards the trailing edge. The acceleration of the flow at
the outer surface could in this way explain the sudden decrease in T¢,.

Analysing in more detail the T, distributions from Fig. 7.31, it can be understood that for spanwise loca-
tions near the duct’s corner, 0.25 < ¢4y < 0.75, it was estimated a higher T, from the full blade simulation
than from the AD computation. This result is consistent with the observation made in section 7.2.1, that the
corner vortices appear to be stronger for the AD case. The vortices are generated due to the pressure gradient
between the duct sections at ¢ggyucr = 0 and ¢pgqy,cr = 1 towards the corner of the duct, which causes a span-
wise movement of the flow towards the corner of the duct. In this way, the pressure gradient that generates
the vortices also contributes towards a pressure induced drag, similarly to the induced drag which occurs on
finite wings (when generating lift) due to their pressure gradient between the pressure and suction surfaces.

Furthermore, Fig. 7.31 also suggests that the square duct is capable of producing more thrust at the span-
wise locations far from the corner when ducting the AD. This effect can be attributed to the fact that the
thrust produced by the AD is higher than the propeller’s thrust when installed. Furthermore, the locations
near ¢gqucr = 0 and ¢pqquc = 1 experience a constant favourable effect of the propulsor in changing the duct
sections’ effective a in the AD simulation. The propeller only induces a strong change in the angle of attack
of each duct section when the blade passes near that spanwise location. On the other hand, the loading of
the AD at each azimuthal location is lower than the loading of the propeller blade in the full blade model
simulation. Therefore, when the blade is located at 6,44, = 0°, the square duct sections near ¢ 44,¢; = 0 and
¢Pgduct = 1 are able to produce more thrust than in the AD simulation. This phenomenon can be understood
more clearly by analysing Fig. 7.32.

In Fig. 7.32, it is shown the spanwise friction and pressure thrust distributions on the square duct from
the full blade model simulation, for specific blade azimuthal locations. The blade locations considered were
Opiade = 0° Opiade = 8°, Opade = 45° and Opjaq0 = 56°. Opjaae = 0° and 044, = 45° correspond to minimum
and maximum blade tip clearances, respectively. 0744, = 8° and 0p;,44, = 56° correspond to the blade posi-
tions where the duct produces maximum and minimum thrust, respectively. Analysing the Figure, it can be
understood that the T, distributions are relatively similar between for the blade positions 0p;44, = 0° and
Op1ade = 8° asis it noticeable a large thrust production far from the duct corner, and a relatively high pressure
drag at the corner. For these two cases, the spanwise position of maximum trust at the duct varies depending
on the duct section which is closer to the blade at each point. Since it had already been discussed in sec-
tion 7.2.3 that the blade location of maximum blade thrust is 6;,4, = 4° instead of the location of minimum
tip clearance, it is also understandable that the duct thrust is highest for an azimuthal location of the blade
slightly higher than 8y;,4, = 0°. Firstly, an increase in blade loading also causes a greater change in effective
a at the duct, this way increasing the duct’s thrust. Secondly, the duct is also found to have a response time
associated with the increase in thrust due to the influence of each blade in the flowfield.

Analysing the distributions of T, at the duct for 644 = 45° and Opj4q. = 56°, it is understandable that
the duct locations far from the corner suffer a large decrease in thrust production when the blade reaches
these azimuthal positions. However, this trend is slightly compensated by an increase in T, at the corner
locations. It is also interesting to notice that the duct thrust is higher for 6;,4, = 45° than 0p;,4, = 56° even
though the blade is closer to the duct surface at 56°. This difference can be attributed to the fact that the blade
is producing more thrust at 0p;,44, = 45°. It was referred in section 7.2.3 that the blade thrust keeps reducing
from Op;44. = 45° towards Op; 440 = 73°.

7.2.5. OVERALL PERFORMANCE OF THE PROPULSION SYSTEMS

In the previous sections, it were analysed the most relevant aerodynamic phenomena which influence the
performance of the ducted full blade model propulsion systems. In this way, it were discussed the vortices
generated by the square ducted system (section 7.2.1), it were analysed the pressure and skin friction contours
on both ducts (section 7.2.2), it were analysed the radial distributions of thrust and torque at the propeller
blades (section 7.2.3), and it were investigated the spanwise distributions of thrust at each duct, in section
7.2.4. In this way, it is now possible to make final comparisons over the overall performance of the ducted
systems.
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Figure 7.32: Spanwise thrust coefficient distributions at the
square duct. Results obtained from the square ducted Xprop
simulation, at J = 0.7. The distributions were obtained with
the blade at specific azimuthal locations: 0,4, = 0° (equiv-
alent to 07440 = 90°), Opjade = 8° (maximum duct thrust),
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each blade position, the distributions were averaged between
3 different timesteps, since the results were recorded during
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In Figure 7.33, it is compared the performance of the three propulsion systems for which a full blade sim-
ulation was made: the isolated Xprop, the circular ducted Xprop and the square ducted Xprop. From each
simulation, Fig. 7.33 shows time-accurate values of thrust and torque coefficients from the different compo-
nents, over a period corresponding to a 180° blade rotation at the advance ratio considered (J = 0.7). From
the isolated propeller simulation with the small propeller domain (sPD), it is shown the T, and Q. of the
propeller at each recorded time step during the recorded 180° blade rotation. For the each ducted system
it is shown the T, and Q. of the propeller, the duct’s T, and the propulsion system’s total thrust coefficient
(Tesystem = Teprop + Teque,)- Regarding the thrust produced by each installed duct, Fig. 7.33 further clarifies that
the circular duct is capable of producing more thrust than the square duct, for the same operating conditions.
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It is also understandable that the T, of the square duct sees larger variations with time, with respect to the
circular duct. This is in agreement with what was discussed in the previous section, as it was shown that the
square duct’s spanwise thrust distribution is greatly dependent on the blade’s azimuthal position inside the
duct.

Analysing the the thrust produced by the Xprop from each configuration, it is possible to understand
from Fig. 7.33 that, for any of the time steps considered, the propeller produces more thrust in the isolated
configuration, followed by the square ducted configuration. This result is also in agreement with what was
discussed in section 7.2.3, where the blade thrust and torque radial distributions were evaluated, for the three
systems. As it was referred, the thrust on the propeller is highest when the axial velocities on the propeller
disk are lower, for the same Q;,, (and assuming that separation does not occur on the blades). In this way,
it was understood that V,; at the propeller disk is lowest for the isolated configuration, and highest for the cir-
cular ducted case. Moreover, the inflow velocities experienced by the propeller blade were also found to vary
with the blade’s azimuthal location, when shrouded by the square duct. This observation helps explaining
the large variations of T, and Q. seen in Fig. 7.2.3 for the Xprop installed with the square duct. Furthermore,
Fig. 7.2.3 also shows that the system which produces the most thrust is the isolated propeller, followed by
the square ducted Xprop system. However, the torque coefficients of the Xprop in the three systems was also
found to vary in the same order, with the isolated Xprop producing the most torque, followed by the Xprop
shrouded by the square duct.

In this way, it was found necessary to compare the efficiencies of the three propulsion systems, in or-
der to show which one has the best performance in these operating conditions. Figure 7.34 shows precisely
the time-accurate efficiency of the isolated propeller, circular ducted propeller and square ducted propeller
over a 180° blade rotation period. From the Figure, it is possible to understand that, under these operating
conditions, the circular ducted propeller is the most efficient configuration, followed by the isolated Xprop.
For the better performance of the circular ducted propeller, it has contributed the fact that the strong slip-
stream contraction caused by the relatively high thrust setting resulted in a large thrust force at the circular
duct itself. The square ducted system was estimated to have the lowest 1 of the three systems, being 4.5%
less efficient than the circular ducted system, on average. It is relevant to highlight that the thrust produced
by the square ducted system is higher than the thrust of the circular ducted propeller (on average), but the
difference is relatively small (only 0.4%). The vortices formed at the corner of the square duct were found to
have a strong influence deteriorating the systems’ performance. Indeed, part of the power added to the flow
by the propeller is "lost" due to the formation of the corner vortices, in the sense that the energy present in
these vortices could have been otherwise added kinetic energy to the flow in the streamwise direction.

However, the result shown in Fig. 7.34 should not be directly extrapolated to other ducted propellers
designs, as it is only being compared the efficiency of the three systems at one operating condition. As an
example, circular ducted propellers have been concluded to be more efficient for high slipstream contractions
caused by the propeller. In this way, it is expected that at a higher free-stream velocity or at a lower J the
isolated propeller would instead be the most efficient system. In this way, it should be kept in mind that
the aim of this research was to study the fundamental aerodynamic effects which can explain differences
in performance between the tested systems, rather than making exact conclusions regarding how much is
gained or lost in performance by opting for one of the configurations.
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CONCLUSION

This thesis is devoted to the study of the aerodynamic interaction effects present in an unconventional ducted
propeller design, featuring a square duct. The aerodynamic phenomena present in square ducted propellers
was compared against the interaction effects present in a more conventional circular ducted propulsion sys-
tem. In the previous chapters, the main results obtained from the CFD simulations were presented and dis-
cussed. This chapter intends to highlight the main conclusions of the research, by answering the research
questions defined in Section 1.2. Section 8.1 discusses the main conclusions obtained from the simulation
of the isolated ducts. Afterwards, Section 8.2 answers the research questions relative to the installed config-
urations. Finally, Section 8.3 evaluates the capability of the numerical methods used to model the studied
flowfields.

8.1. ISOLATED CONFIGURATIONS

The CFD simulations of the isolated circular and square ducts were performed with the intention of studying
the differences in drag of the two designs, along with the characterization of the flowfield at the propeller disk
location (at 30% duct chord). Therefore, the following research questions were considered:

* How does the aerodynamic performance of an isolated square duct compare to the performance of
a conventional circular duct?

— How can the main differences in the drag of both designs be justified?

The isolated square duct was found to result in more drag than the circular duct. This was found
to be mainly due to the higher wetted area of the square duct, which has a larger frontal perimeter.
However, the square duct was also found to be more prone to boundary layer separation, at the
inner corner, due to the larger BL thickness at this location. Indeed, in the results of the isolated
square duct simulation indicate that separation occurs near the square duct’s trailing edge, at the
corner. This effect can also explain the slightly higher pressure drag coefficient of the isolated
square duct in comparison with the circular ducts C,, when the reference area considered for the
calculation of the drag coefficient took into account the different perimeters of each duct (C}, as
defined in 5.5).

— How does each duct affect the flowfield at the propeller location, inside the shroud?
There are two main differences between the flow characteristics inside the two ducts, at the pro-
peller location. Firstly, the flow’s average axial velocity is higher inside the circular duct. This was
expected to lower the propeller’s performance. Secondly, the axial velocity of the flow was found
to vary with the azimuthal position inside the square duct. Indeed, the results of the isolated
square duct simulation indicate that the propeller blades would feel a higher axial inflow veloc-
ity at azimuthal locations far from the corner (e.g. 0p;44. = 0°) and a lower axial inflow velocity
near 0,40 = 45°. Therefore, the results indicate that blade loading would vary along the rotation,
when the propeller is placed inside the square duct. For the circular duct, the axial velocity profile
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was found to be independent of the azimuthal location.

8.2. INSTALLED CONFIGURATIONS

After analysing the isolated geometries, it was proceeded to the simulation of the installed configurations.
The study of these more complex configurations was based on the following research questions:

* How does the performance of a propeller in a square duct compare with a circular duct system?

— Which steady aerodynamic effects affect the performance of the quadrangular ducted propeller sys-
tem?
The steady simulation of the square duct with an AD model was important to understand how the
unconventional duct’s performance can be affected by the presence of the propulsor. It was in-
teresting to notice that the square duct is able to produce thrust when the slipstream contraction
caused by the AD is large. However, the thrust produced by the circular duct was always consid-
erably larger, taking into account the range of J tested. The lower thrust production of the square
duct was attributed to several factors. Firstly, the effect of slipstream contraction was found to be
less felt on the spanwise locations far from the AD (closer to the corner). In this way, the change
in effective angle of attack, responsible for the production of thrust by the duct, is less noticeable
at the duct’s corner. Secondly, the results indicate that axial separation occurs at the square duct’s
corner. This was found to be due to the higher BL thickness at the corner (seen in the isolated
duct computations), and due to the higher suction peak of the corner sections in the powered
case, which leads to a higher adverse pressure gradient downstream of the peak. Moreover, the
results also indicate that slipstream contraction occurs inside the square duct due to the AD. This
effect could also contribute towards separation at the duct’s corner. Finally, it was found that the
square ducted AD system leads to the production of two counter rotating vortices at the corner
of the square duct. These vortices also lower the thrust of the system. Due to these vortices, the
kinetic energy of the flow associated with the flow velocity in the axial direction decreases, which
means that the momentum of the flow in axial direction is also lower.

— Which aerodynamic interference effects are dominant between the propeller and the quadrangular
duct, considering the unsteady effects caused by the rotation of the blades?
Whereas the circular ducted propeller can be studied as a steady problem (in a rotating reference
frame), the square ducted propeller with the full blade model is an unsteady problem. Indeed,
both the thrust of the propeller and duct were found to vary depending on blade’s azimuthal lo-
cation. Moreover, the torque of the propeller and the time-accurate efficiency were also found to
be dependent on the blade location.
The forces on the blade were found to be dependent on the tip clearance at each time step and
on the inflow velocities at each azimuthal location. Even though blade tip loss is lowest when the
blade is at 0144, = 0° (position equivalent to 0,4, = 90°), the results suggest that blade loading
is highest at 0,4, = 4°, at the operating conditions tested. Therefore, the results indicate that
there is a time-response associated with the rise of blade loading due to decreasing tip clearance.
However, the temporal discretization uncertainty was not estimated for the unsteady simulations.
Therefore, the blade location for maximum loading might be different than 0;,4. = 4° if the un-
steady simulation of the square ducted propeller is repeated with a lower transient time step or
with a higher temporal discretization scheme. Furthermore, even though tip clearance is highest
when the blade is at 8,4, = 45°, the blade loading was found to be lowest when the blade is lo-
cated at 8,44, = 73°. Besides the time response required for blade loading to decrease, the results
also suggest that blade loading is higher at 0,44, = 45° than at 0,4, = 73° due to the lower axial
inflow velocity felt by the blade at 8,4, = 45°.
The thrust produced by the square duct was also found to vary with depending on the blade lo-
cation. For blade locations near 6y;,4, = 0°, duct thrust was found to increase. This is due to the
shorter distance between the blade and the closest duct sections (when compared to blade loca-
tions near 0p;,44, = 45°) and also due to the higher thrust of the blade near 8,4, = 0°. The blade
location correspondent to maximum duct thrust was found to be at 8y,;,4. = 8°, after the point of
maximum blade thrust, which also indicates a time response required for the duct thrust to in-
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crease. Axial flow separation was also found to be present at the square duct’s corner in the tran-
sient full blade model simulation. As it was previously referred, this phenomenon is important to
explain the lower production of thrust at the square duct’s corner, in the installed configurations.

— How does the overall performance of the different propulsive systems compare at the specific op-

erating conditions tested, considering the isolated propeller, the circular ducted propeller and the
square ducted propeller?
The unsteady full blade model simulations of the three different propulsion systems were per-
formed at constant propeller angular velocity, in order to keep the advance ratio constant at
J =0.7. Therefore, the axial velocity at the propeller disk had a dominant effect in the thrust and
shaft power (obtained from equation 2.4) of each propulsive system. With the lowest V, at the pro-
peller disk, the isolated propeller case resulted in the highest thrust production, which was also
associated with a higher torque on the blades and, therefore, with a higher shaft power (see equa-
tion 2.4). The simulation with a square duct shrouding the propeller resulted in a higher thrust
and shaft power than the equivalent simulation with circular duct, also due to the difference in
V, at the disk. Nevertheless, the thrust produced by the circular ducted system was estimated
to be only 0.4% lower than the thrust produced by the square ducted system, on average and at
these operating conditions. Since higher thrust production indicates a better propulsive perfor-
mance of a system and higher shaft power indicates a worst performance, propulsive efficiency
(defined in equation 2.5) was used to compare the performance of the three systems. The results
indicate that the circular ducted propeller is the system with the highest efficiency, followed by
the isolated propeller. The square ducted propeller was found to be the least efficient system,
with an efficiency 4.5% lower than the circular ducted system at the operating conditions tested.
If the comparison had been made for constant shaft power, it would have been expected that the
efficiency of the square ducted propeller would be more similar to the efficiency of the circular
ducted propeller. However, the results of this research indicate that the circular ducted system
produces more thrust in a scenario where shaft power is kept constant.

8.3. CFD MODELLING

The thesis was based on CFD simulations, which were used to compute the flowfields of the different test
cases. The results were analysed with criticism, therefore conclusions can be made with respect to the appli-
cability of the methods used to simulate each configuration. The analyse of the methods was also based on
several research questions:

* How well do the numerical methods used perform in terms of accurately predicting the aerodynamic
characteristics of the different flowfields?

— How well does the turbulence model used represent the aerodynamic characteristics of the flowfield?
In this research, turbulence was modelled in the CFD simulations using the two equation turbu-
lence model k—w SST. This model was chosen since literature suggests that it is an accurate model
considering a wide range of aerodynamic problems [26], and in comparison with models which
are similarly expensive (computationally). However, literature also suggests that the k —w SST
model experiences difficulties in estimating flowfields where separation occurs [5]. This draw-
back of the turbulence model indicates that the estimation of the square duct’s performance may
have been less accurately estimated than the performance of the remaining configurations, since
the results indicate that separation is a major contributor to the drag force calculated at the duct’s
corner. Furthermore, the turbulence model was also built and calibrated to be used with flowfields
around isolated components. Therefore, it is uncertain if the k — w SST model can accurately pre-
dict, for example, the blade tip vortices which were identified to be interacting with the circular
duct’s boundary layer, in the unsteady full blade model simulation.

— How well do the results from the two different domains used to model the isolated full blade pro-
peller model compare, considering both steady and unsteady simulations?
The isolated propeller was simulated using two different propeller domains, which were described
in Section 4.4.2. The conventional domain, LPD, was used in the validation process, with steady
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simulations, which led to an acceptable agreement with experimental results, as discussed in Sec-
tion 6.1.4. The unsteady simulation of the propeller with the LPD was also found to give similar
results to the steady simulation with the same domain. The second domain used was a radially
smaller propeller domain, sPD, which was found to lead to an unphysical estimation of the flow-
field characteristics when the steady MRF approach was used in the computation. As an example,
the steady results with the sPD indicate that the blade tip vortices move between the propeller and
the outer domains, which leads to an inaccurate calculation since the solver considers different
reference frames in each domain. In the propeller domain, the propeller is considered to be sta-
tionary, as the reference frame is considered to be rotating. Due to the incorrect estimation of the
flowfield, the steady simulation of the propeller with the sPD also led to inaccurate estimations of
the propeller thrust and torque. Nevertheless, the steady solution obtained with the sPD was used
as an initial guess for the equivalent unsteady propeller simulation. The unsteady simulations of
the propeller were performed with the sliding mesh approach instead of the MRF technique, and
it was found good agreement between the isolated propeller unsteady simulations with the two
domains. Therefore, the isolated propeller results indicate that the sPD could indeed be used to
model the propeller inside each duct, for the unsteady ducted propeller calculations. However,
these simulations had to be run for more iterations due to the fact that the initial solution was
calculated with the steady MRF approach, which was found to result in an inaccurate calculation
of the flowfield.

How does the estimated performance of each installed system modelled with an actuator disk com-
pare to the performance estimated with a complete propeller model?

The installed configurations were first modelled with an AD instead of the full blade propeller
model. The inputs used for the AD were the radial thrust and torque distributions obtained from
the isolated propeller simulations. Therefore, the increase in momentum and energy of the flow
caused by the propulsor, AD or full blade model, is different for the two cases, considering the
conclusions made in the previous Section (8.2). Furthermore, the resulting flowfields were also
found to have differences. As an example, the vortices generated at the corner of the square duct
from the AD simulation at J = 0.7 appear to be stronger than the corner vortices in the full blade
model simulation. Another important difference is that the momentum increase provided by the
AD is constant in the azimuthal direction. This was also found to result in differences in the forces
felt by the duct from the AD and full blade model simulations. In the AD simulation of the circular
ducted system, the spanwise distribution of thrust at the duct was found to be constant. However,
the full blade model simulation indicates that the duct produces more thrust at the spanwise lo-
cations in the vicinity of the blade. Furthermore, the AD simulation results in a higher thrust
production at the circular duct than the full blade model case. This was found to be mainly due to
the higher thrust of the AD, which results in a higher average change in effective angle of attack of
the duct sections.

For the square ducted simulation, the full blade model was also found to result in lower thrust
production than the AD. However, the results of the AD simulation indicate a slightly lower thrust
production by the duct, in this case. This result can be explained by comparing the corner vor-
tices generated in each configuration (AD or full blade model), considering that these vortices are
indeed stronger in the AD simulation. The spanwise distributions of thrust obtained from the two
cases (considering the time-average for the unsteady simulation) also indicate that the pressure
thrust produced at the duct’s corner is considerably lower for the AD case (more negative). This
result is also indicative that the corner vortices are stronger in the AD simulation. On the other
hand, the results indicate that the square duct is able to produce more thrust at the locations fur-
ther away from the corner when shrouding the AD. This result is consistent with the fact that the
AD produces more thrust than the full blade model, in these square duct simulations.

The efficiency of each system was also estimated from the AD simulations. However, the shaft
power considered in the AD cases was the shaft power of the isolated propeller, for each advance
ratio. This can be be considered a very strong assumption, specially since the full blade model
ducted simulations indicate a large change in thrust and power of the propeller in comparison
with the isolated case. Indeed, efficiencies of the systems calculated at J = 0.7 from the AD simu-
lations are considerably over predicted, in comparison to the more accurate predictions obtained
with the full blade model simulations. Nevertheless, the efficiency (vs. J) curves estimated from
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the AD computations provide an interesting indication that the highest efficiency point of the
ducted systems occurs for a lower J than for the case of the isolated propeller. This result is con-
sistent with what can be found in literature on ducted propellers, which often demonstrates that
using ducted propellers is most advantageous when the slipstream contraction caused by the pro-
peller is larger (e.g. by [7]).

Based on the analyse of the results presented in this thesis, it can be concluded that the use of uncon-
ventional ducted propeller propulsion systems (such as square ducted propellers) still deserves further study.
The next chapter provides recommendations for future work, considering the findings of this research.






RECOMMENDATIONS FOR FUTURE WORK

As discussed in the previous chapter, the research results provide valuable improvement towards a better
understanding of the aerodynamic characteristics of square ducted propeller systems. These results were
compared against computational tests with a conventional circular duct design, which behaved in agreement
with what is described in literature regarding ducted propellers. Besides the conclusions made from the
discussion of the CFD results, the thesis work can also be used for gaining insight into what can be done on
future studies. This chapter first gives recommendations regarding numerical methods which were tested in
this research (Section 9.1). Afterwards, Section 9.2 gives suggestions on how square ducted propellers can be
studied in future research. Section 9.3 gives suggestions of alternative duct designs related to square ducts
which can be studied with the aim of improving the propulsive efficiency, despite the fact that the present
research indicates several aerodynamic disadvantages of square ducts.

9.1. NUMERICAL METHODS

This section discusses the numerical methods used, and how these can be valuable for future research. The
meshing of the different domains was found to be a challenging part of the research, and therefore it is also
relevant to give recommendations regarding the meshing procedure. As discussed in chapter 4.5, the meshes
generated during the research were mainly composed of unstructured elements. Nevertheless, most of the
boundary layer regions were modelled with elements which resemble a structure mesh, even though the
solver (ANSYS Fluent) always reads the mesh as unstructured. Generating an unstructured mesh was found
to be easier, specially for difficult areas such as the square duct corner or the gap between the blade tip and
the ducts. However, the results also show that more noise is found in the regions where an unstructured
mesh was used, e.g. Fig 5.31 shows that the Cy, distribution obtained at the square duct’s corner is more
noisy than for other spanwise locations. This higher noise in the results was partly attributed to interpolation
errors of the post-processing software (Tecplot), which interpolates the flow quantities outside cell centres,
presumably without considering the discretization schemes used in the simulations. Nevertheless, using an
unstructured mesh may also cause a lower convergence of the residuals, leading to higher imbalances in
regions with unstructured elements. Literature indicates that CFD solvers perform better when calculating
flowfields where the cells are well oriented with the flow direction [25], which may be difficult when the mesh
is unstructured. Therefore, it is also recommended from this research that, when possible, the domains are
meshed with a structured mesh.

The previous chapter also presented conclusions regarding the applicability of the domains tested, to
model the propeller flowfields. The isolated propeller was first simulated with an conventional domain and
afterwards with a domain which was radially smaller, so that it could fit inside the ducts tested. From the
verification and validation of the results, it was concluded that a radially small domain (with a radius close to
the propeller radius) should only be used for unsteady simulations, with the sliding mesh technique. Using
the sPD led to unphysical flowfields when the steady MRF approach was used. Still the steady results proved
to be valuable to provide an initial flowfield initialization before running the (computationally) more expen-
sive unsteady simulation. Still, the results of this research indicate that, if a similar radially small propeller
domain is used in future studies, the unsteady simulation should be expected to require more iterations in
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order to reach a converged and physical solution.

This research also gave insight into the applicability of actuator disk models to estimate the performance
of a ducted propeller system. Using an AD instead of a full blade model leads to great savings in terms of
computational costs, and therefore it is a very attractive approach. The results from this research show that
the AD simulations were indeed very valuable to understand how the performance of the ducts’ is influenced
with installation, and to characterize the respective. However, the inputs provided to the AD were obtained
from the isolated propeller simulations, and proved to be considerably different from the thrust and torque
distributions calculated for the full blade propeller model in each installed simulation. For this reason, the
thrust of each duct was also different in the AD and in the respective full blade simulation. The efficiency of
each system was largely over predicted by the usage of an AD model. The difference in axial inflow velocities
of the flow was found to be a main contributor to the difference in loading of the propeller in the isolated
and in the installed configurations. Therefore, the results of this research suggest that future studies which
intend to predict the performance of a ducted propeller systems using an AD model could benefit from incor-
porating a blade element model with the AD. An example of an AD model incorporated with a blade element
method can be found in [3].

9.2. FUTURE STUDY OF SQUARE DUCTS

The results of this thesis indicate that there are several aerodynamic disadvantages associated with square
ducts. These geometries were found to be more prone to boundary layer separation than circular ducts, an
the duct corners were found to be prone to the generation of vortices. Furthermore, the corner sections also
showed to be less effective in the production of thrust due to the larger distance between these sections and
the propeller disk. At the operating conditions tested, the square duct’s efficiency was calculated to be 4.5%
lower than the circular duct’s efficiency, for a very similar thrust setting (only 0.4% higher for the square duct,
on average). However, the present research was only able to provide an estimation of efficiency of the two
systems with the full blade model for one operating condition. Therefore, future research is required in order
to quantify more precisely the loss in efficiency due to the usage of a square duct. Wind tunnel experiments
can be used in order to estimate the performance of a circular and square duct propeller systems at different
operating conditions. One of the advantages of wind tunnel testing with respect to CFD is that it is easier
to study experimentally a wider test matrix in terms of operating conditions (e.g. varying advance ratio and
free-stream velocity), provided that the geometries are available and that the wind tunnel facility fulfils the
test requirements. The high computational costs of unsteady CFD simulations with full blade propeller mod-
els difficult the growth of the test matrix. Moreover, a future wind tunnel testing of square ducts would most
likely benefit from the findings obtained with the present thesis, since the square duct flowfields were char-
acterised in detail. Besides varying advance ratio and free-stream velocity of the systems, it would also be
interesting to vary the duct and propeller geometries (e.g. by changing the airfoil sections), as well as their
relative location, in order to find if the adverse aerodynamic phenomena occurring in square ducts can be
mitigated.

The computational results showed in this report should also be evaluated critically, due to uncertainties
associated with the numerical error in the simulations and with the applicability of the turbulence model
used, for example. The separation found at the square duct corner’s in the installed configurations was found
to be a major contributor to the loss in performance of the system. However, separated flows are one of the
points where the turbulence model k — w SST shows more difficulties. Therefore, future studies on square
ducted propellers would also benefit from the usage of more expensive computational methods. As an ex-
ample, Mannini et al. [5] studied different turbulence models and concluded that the Reynolds Stress model
tested performs better in predicting separated flows than the k —w SST model. One of the main differences
between the two models, which helps explaining differences in the results, is relative to the fact that the k —w
SST model assumes turbulence to be isotropic, i.e. assumes that the turbulent fluctuations are uniform in all
directions, on average. The isotropic assumption can result in an inaccurate calculation of flowfields where
separation occurs, or other flowfields where strong streamline curvature occurs [5].

Furthermore, if in the future square ducted propellers are found to be suitable for a given aircraft con-
figuration, the differences between noise production of the square ducted system and the noise of a simi-
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lar circular ducted system should be studied. Even though propeller ducts are often praised for their noise
shielding capabilities, the noise produced by square ducted propellers may still be higher than the noise of
an equivalent isolated propeller system. The results of this research indicate that the loading of the blades
sees strong variations depending on their azimuthal location. Therefore, the results indicate that the pres-
sure perturbation caused by the blades on the flowfield varies in time, which can result in an increased noise
generation.

9.3. ALTERNATIVE UNCONVENTIONAL DUCT DESIGNS

The square ducted propeller system studied in the thesis was found to be less efficient than the correspond-
ing circular ducted system. However, there can still be aircraft configurations where using a square ducts may
be a better option, relative to circular ducts. As an example, there are aircraft configurations using distributed
propeller concepts where each propeller is shielded by a duct, as discussed in Section 1.1. For such a con-
figuration, there are operating conditions (e.g. during cruise) where the duct may be producing drag instead
of thrust, if the slipstream contraction caused by the propeller is relatively small. In such a scenario, reduc-
ing the wetted area of the ducts may be beneficial to improve the performance of the system, while possibly
keeping the noise shielding capabilities of the system.

The sketches in Figures 9.1a and 9.1b show over the wing distributed propulsion systems featuring, re-
spectively, circular and square ducts around each propeller. Figure 9.1b shows that the square ducts share
surfaces with each other (as well as with the wing), and therefore the frontal perimeter of the square ducted
system is considerably lower than for the circular ducts array (Fig. 9.1a). The results of this research obtained
from the isolated ducts simulation indicate that, in unpowered cases, the difference in drag of the circular
and square ducts can mainly be attributed to the difference in their wetted area. Therefore, for operating
conditions where the influence of the propeller in the flowfield is smaller (e.g. when slipstream contraction
is low), the drag of the two ducts is expected to become closer to being proportional to their wetted area.
Thus, studying the propulsive performance of distributed propulsion systems with circular and square duct
can still be considered very relevant, in spite of the disadvantages of square ducts which were highlighted
by the results obtained in this thesis. These distributed propulsion systems can also be studied with CFD.
In order to prevent the computational costs from scaling drastically, preliminary calculations can be made
with AD or actuator line models (e.g. as studied by [51]). The usage of symmetry and periodic boundary con-
ditions should also be studied, in order to reduce the computational costs of preliminary calculations over
distributed propulsion systems.

Finally, Fig. 9.1c shows a propeller distributed propulsion system where the propellers are shielded by a
large rectangular duct. This concept can also help reducing wetted area, while keeping the duct’s eventual
noise shielding capabilities. Studying such a configuration, however, can also become more difficult due to
the expected interaction between adjacent propellers. Moreover, investigating possible modifications to the
corners of the rectangular shroud can also lead to significant improvements. For example, research can be
made in order to access how much do the rectangular duct corners need to be rounded in order to mitigate
the adverse aerodynamic effects associated with corner flow.
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(a) Distributed circular ducted propellers

SERsRs

(b) Distributed square ducted propellers

(c) Distributed propellers shielded by a single rectangular duct

Figure 9.1: Representation of three different over the wing distributed propulsion ducted propeller concepts. The top image shows a
distributed circular ducted propellers system. The image at the centre shows a distributed ducted propeller system with a square duct
around each propeller. Finally, the bottom image shows a distributed propeller system with a single large rectangular duct around the
propellers.
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Figure A.3: Convergence of the pressure coefficient distributions over the square duct, with respect to grid ele-

ment size
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Figure A.4: Convergence of the skin friction coefficient distributions over the square duct, with respect to grid

element size



A.3. PROPELLER - VARYING ADVANCE RATIO

145

Isolated Xprop (steady) at x/c=-0.1, x/c=0.2 and x/c=1: cp vs r/Rp
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Figure A.5: Total pressure coefficient, Cp,, average radial dis-
tributions in the vicinity of the propeller, at three axial loca-
tions, for the three advance ratios tested. The dashed lines
correspond to the highest advance ratio, J = 0.7, the contin-
uous lines correspond to J = 0.8 and the dotted lines corre-
spond to the lowest advance ratio tested, J = 0.9. The black
lines correspond to the axial position 10% duct chord up-
stream of the blades, x/cqy¢; = —0.1 & x/Rp = —0.107, the
blue lines correspond to the axial position 20% duct chord
downstream of the blades, x/c;yc; = 0.2 < x/Rp =, and the
red lines correspond to the axial position 100% duct chord
downstream of the blades, x/cgyc; =1 © x/Rp = 1.07. Re-
sults obtained with the conventional propeller domain.

Isolated Xprop (steady) at x/c=-0.1, x/c=0.2 and x/c=1: Va/Va vs r/Rp
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Figure A.7: Axial velocity (V) average radial distributions,
normalised with the free-stream velocity, Vp, at three axial lo-
cations in the vicinity of the propeller, for the three advance
ratios tested. Results obtained with the conventional pro-
peller domain. The lines represent the same as for Fig. 6.11.
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Figure A.6: Pressure coefficient, Cp, average radial distribu-
tions in the vicinity of the propeller, at three axial locations,
for the three advance ratios tested. Results obtained with the
conventional propeller domain. The lines represent the same
as for Fig. 6.11.

Isolated Xprop (steady) at x/c=-0.1, x/c=0.2 and x/c=1: V/Vo vs r/Rp
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Figure A.8: Tangential velocity (V;) average radial distribu-
tions, normalised with the free-stream velocity, Vj, at three
axial locations in the vicinity of the propeller, for the three ad-
vance ratios tested. Results obtained with the conventional
propeller domain. The lines represent the same as for Fig.
6.11.
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