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Abstract

Current developments of civil and military applications may require the installation of
aero-engines embedded into the aircraft structure. Consequently, complex diffusing S-
ducts are necessary to convey air from the intake to the compressor. In addition, civil
applications require the reduction of specific fuel consumption and noise levels. These
targets can be met by increasing the engine mass flow and reducing the specific thrust by
increasing the bypass ratio. In underwing installations there is an increased tendency of
ground vortex creation. Generally, the application of complex S-shaped intakes as well
as the ingestion of vortices can lead to inlet flow distortion in terms of total pressure
and swirl. Consequently, blade vibrations and changes in turbomachinery performance
are likely to occur. The aim of this research is to provide qualitative and quantitative
information regarding the effect on a fan rotor performance caused by the self-generated
distortion of an S-duct and its combination with that attributed to a tightly-wound vortex.

A purely numerical coupled system S-shaped intake/fan rotor configuration was
defined in this research to analyze the effect of total pressure combined with swirl dis-
tortion on the fan rotor performance. Steady-state CFD simulations were carried out on
this system by considering clean conditions and, for the first time, the vortex ingestion
at the intake inlet and with the rotor operating at two different rotational speeds. Under
clean inlet conditions, the self-generated distortion of the S-duct causes a degradation of
rotor performance. Moreover, the rotor operability range reduces significantly due to a
localized blade overloading. On the other hand, as a vortex is ingested in the system, this
interacts with the self-generated distortion in different manners depending on the location
and polarity of the vortex itself. Consequently, the level of flow distortion at the AIP
changes accordingly. The sign of the change in rotor corrected mass flow is essentially
established by the polarity of the vortex ingested. Therefore, the effect of the swirl is
predominant compared to that of the total pressure distortion. In particular, the vortices
ingested at the centre of the intake inlet plane cause the largest change in rotor corrected
mass flow. Regarding the loss of stability pressure ratio, this is established by the swirl
distortion even though the effect of total pressure distortion is also notable. Amongst the
case studies characterized by low total pressure distortion, a swirl distortion correlation
is defined between the loss of stability pressure ratio and the mass flow average of the



ii

relative rotor incidence change calculated at the aerodynamic interface plane. A scatter
between the CFD results and the established correlation can be attributed to the variations
in total pressure distortion.

In addition, a CFD based methodology was assessed to determine the location of the
aerodynamic interface plane for swirl distortion. This was applied on the datum NASA
Rotor 67 configuration working with a vortex ingested at different span locations and for
two relevant operating conditions. The outcome of this analysis confirms that, in the worst
scenario, the location of the aerodynamic interface plane is located in a position that is
an order of magnitude closer to the rotor face compared to what established by previous
research for total pressure distortion. This finding would allow the application during
the experiments of shorter upstream ducts than that required for total pressure distortion.
However, the assessment of a methodology providing a more precise information on lo-
cation of the aerodynamic interface plane for total pressure distortion would be necessary.
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Chapter 1

Introduction

Future propulsive concepts for civil applications may require the installation of aero-
engines to be more closely coupled to, or even embedded into the aircraft structure.
Clearly, the recent trend of military applications has been for fully embedded engines.
Typical examples are the General Dynamics F-16 and McDonnel-Douglas F/A-1 g (Fig.

[1).

Figure 1.1: McDonnel-Douglas F/A-18 ©Bumbu Pas (November 2012)

Their propulsion systems use complex diffusing S-ducts to convey air from the in-
take to the compressor. To match appropriate engine performance, the S-duct must pro-
vide minimum total pressure loss up to the rotor face while ensuring that the flow enters
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the compressor with uniform pressure and velocity. Unfortunately, the curvature associ-
ated with S-duct geometry produces secondary flows to which total pressure and swirl
distortion are attributed. Consequently, the engine surge and stall limits reduce. More-
over, the need to reduce the velocity at the engine face is obtained with an increase of
cross-sectional area along the S-duct by making flow separation likely to manifest within
the duct?. Hence, the total pressure recovery and, consequently, the propulsion efficiency
reduce. For these reasons, the reduction of flow distortion as well as the improvement of
total pressure recovery of the intake are the key concerns for the industry.

For civil turbofan engines, one of the solutions applied to reduce the specific fuel
consumption (SFC) and noise level is to increase the engine mass flow and reduce the
specific thrust through an increase in bypass ratio. This is one of the solutions proposed
by the New Aircraft Concepts Research (NACRE) group” which causes an increase in
propulsive efficiency. Nevertheless, for underwing installations, this increases the risk of
ground vortex ingestion. On the other hand, when the bypass ratio becomes too large
underwing installations have to be replaced by rear installations. In this case, however,
fuselage or junction vortices can arise and be ingested into the aero-engine. Major conse-
quences include loss of stability pressure ratio, blade vibration and mechanical damage of
the turbo-engine components due to, in the case of ground vortex, the ingestion of foreign
objects®Z.

1.1 The inlet flow distortion background

The inlet flow distortion is one of the most troublesome and least understood problems
for intake designers. In real operating conditions a fan or compressor of an aircraft engine
works with a non-uniform inlet flow field. Hence, the introduction of non-axisymmetric
flow at the compressor inlet face can severely alter the compressor operation in terms
of performance, engine stability, and structural integrity. Consequently, compressor stall
and surge as well as combustion flame out or overheating of the engine may occur®. In
general, three main types of inlet flow distortion can be identified. These are the total
temperature, total pressure and swirl distortion.

Total temperature distortion This type of flow distortion is mainly caused by external
disturbances” such as hot gas ingestion during weapons’ firing, vertical take off and land-
ing and steam ingestion during carrier operations®. Compressor stability issues related to
this type of distortion determined the establishment of correlations by the early 1990s1Y.
Within the frame of the current research, this type of distortion is not considered.
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Total pressure distortion This is the most common type of inlet flow distortion, which
is generally caused by flow separation and wakes”. The early focus of engine/inlet com-
patibility investigations was on large gas turbine engines mounted on wings or fuselages
that used straight Pitot-style inlet systems. Hence, the emphasis was addressed on under-
standing performance and stability issues related to engines installed with straight inlet
systems. Consequently, the Aerospace Recommended Practice (ARP) 142011 and the
Aerospace Information Report (AIR) 14192 addressed the inlet/engine compatibility by
considering only the inlet total pressure distortion. Intake lip and wall separation occur-
ring within intake bodies produce flow conditions around the lip or wall which depend on
intake mass flow. For civil aircraft there is a low risk of total pressure distortion except
for take-off and landing operations when high angles of attack may be reached.

Swirl distortion This type of flow distortion has been recognised as the third type of
distortion after that attributed to total pressure and total temperature3*14, Although there
has been a substantial amount of research in the general field of inlet flow distortion, the
existing methodologies are not directly applicable to this type of distortion since they
have been mainly developed to address total pressure'% and bulk swirl distortions applied
separately. Since the current research involves S-shaped intake flow fields and tightly
wound vortex ingestion the swirl distortion is analyzed with the total pressure distortion.

The need to consider swirl distortion arose from previous experiences, for example
that of the Tornado jet fighter. This aircraft presents a pair of side-mounted air intakes
with horizontal-turning S-shaped diffuser ducts, disposed on each side of the forward
fuselage, as shown in Fig. Limited full scale tests of the engine/inlet combination
were performed. Then, as prototypes flight testing of the aircraft began, engine surge was
occurring at the port (left) engine for subsonic flight speed and high angle of attack. A
similar phenomena occurred at the starboard (right) engine and at supersonic flight speed
near zero angle of attack. In general, it was noticed that the presence of the swirl distortion
at the Aerodynamic Interface Plane (AIP) could combine with total pressure distortion and
generate a more severe compressor stability problem than with either distortion acting
alone. As a result, for counter-rotating swirl distortion, an overloading of the fan was
observed, which caused engine instabilities, even though the total pressure distortion was
within allowable limits established for total pressure distortion acting alone. At subsonic
conditions, a difference in the fan rotational speed between port and starboard engines,
increasing with the angle of attack, was observed. In particular, the port and starboard
engine speed decreased and increased, respectively, with a consequent increase loading
on the port engine. As the angle of attack increased above a critical value, the flow
on the lower lip separated. Consequently, the low energy located in the separated zone
interacted with the pressure gradient existing in the horizontal S-bend by generating a
bulk swirl which was superimposed to the twin swirl pattern characterizing an S-duct
(Fig. [1.2). Since both engines were rotating in the same direction, the port and starboard
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engine were exposed to a counter- and a co-rotating bulk swirl, respectively. In particular,
the port engine in the Tornado experiences the counter-rotating bulk swirl by surging
consistently at high angle of attack and subsonic flight Mach number.

1 = variable ramps

2 = auxiliary air intake doors
3 = boundary layer diverter

= : Right Left
Engine Rotation Engine Engine
™
i —, _—— —

ADICA OO
' : b). Low energy flow

a). Low Energy Flow (Separated at migrates to the inside  ¢). At the Engine AIP (Forward Looking
Cowl Lower Lip) of the duct turn Aft View) Bulk Swirl will Develop

Tornado Subsonic High Angle of Attack

Figure 1.2: Example of Tornado side inlet generating opposite bulk swirl pattern due to
a lower lip separation'>

Figure [I.3] shows the flow angle resulting from the combination of the bulk and
twin swirl pattern and the total pressure isobars measured at the AIP of the port engine.
As a result, total pressure and swirl distortion are correlated since the largest flow angles
measured at the AIP occurs where the lowest total pressure region takes place.

[PoRT mme—‘

|LOOKING AFT

’ - a = 20°
o By= -6°
MAX DRY ENGINE |

CowL |__Mass Flow |

Figure 1.3: Absolute flow angle (left) and total-pressure isobars (right) measured at AIP
of the Tornado aircraft’?
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1.1.1 Effect of inlet flow distortion on turbomachinery performance

Generally, the types of inlet flow distortion introduced in §[I.TJmay occur simultaneously.
Consequently, it is challenging to quantify the change of turbomachinery performance
attributed to each type of inlet flow distortion separately. For this reason, previous re-
search 1921 hag introduced numerical models to account for the effect of each type of
flow distortion separately. In this section, the main findings regarding the effect of to-
tal pressure and swirl distortion on turbomachinery performance are presented. They
represent the type of flow distortion normally involved in an S-duct or attributed to a
tightly-wound vortex which were considered in this research.

1.1.1.1 Total pressure distortion
The main consequence of the total pressure distortion on turbomachinery performance is

the reduction of stability pressure ratio. The amount of reduction depends on the circum-
ferential extent of the total pressure distortion pattern (Fig. [I.4).

120 |-

= 0.082 AT DESIGN FLOW

>
v|vo
(o]

100}

EXTENT ©

E

o

<]
v

(U4
]
T

@®
o
T

~
o
]

s

PRESSURE RATIO 9%DESIGN VALUE
(2]
o
]

n
o
T

[

40 Clo} 60 70 80 20 100
CORRECTED AIRFLOW 9 DESIGN VALUE

Figure 1.4: Change of compressor performance for different extents of one-per-
revolution square wave circumferential total pressure distortion''#



6 Introduction

As the blades encounter a low total pressure region, their loading increases and,
consequently, the rotor surge margin reduces'”. Meanwhile, the blades are subjected
to unbalanced load cycles which cause a reduction in fatigue life. The total pressure
distortion is then converted by the compressor into total temperature distortion at the inlet
of the combustor'®, This can cause a circumferential non-uniform temperature profile
distribution at the turbine inlet with a corresponding detrimental effect on the turbine life.

In some cases total pressure distortion induces swirl distortion. This is due to the
static pressure defect generated upstream of the engine face when total pressure distortion
and uniform static pressure are imposed'??Y. The compressor attempts to handle the
distortion and the deficit in static pressure over the spoilt sector by causing a cross flow
from the clean to the spoilt sector. In turn, this cross flow generates a counter- and a
co-rotating swirl that contributes to the reduction of the compressor performance (Fig.

3).
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(a) Induced cross flow related to the static pressure  (b) Induced swirl ahead of the compressor face
redistribution

Figure 1.5: Swirl distortion at compressor inlet induced by the upstream flow redistribu-
.20
tion

1.1.1.2 Swirl distortion

The swirl distortion was extensively studied by the Society of Automotive Engineers
(SAE) S-16 Committee'®. They classified this type of distortion in four categories: bulk
swirl, paired swirl, cross flow swirl and tightly-wound vortices. These were observed at
the Aerodynamic Interface Plane (AIP) and described in detail in § It was noticed
that the magnitude of the change in compressor performance due to the swirl distortion
depended on the aforementioned categories.
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Regarding the pure bulk swirl, its effect on compressor performance was exten-
sively identified in previous research**1922 and can be easily described. The SAE S-16
Committee revealed that the bulk swirl increases or decreases the flow incidence angle
over the blades depending on its polarity. Hence, the reduction of incidence obtained with
a co-rotating bulk swirl entails an increase in surge margin as shown in Fig. [1.6] Conse-
quently, the compressor speedlines are displaced to the left and downwards, reducing the
pressure ratio and corrected mass flow. The opposite situation manifests by considering a
counter-rotating bulk swirl.
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Figure 1.6: Effect of pure bulk swirl on compressor performance®

In addition, Sheoran et al.?? carried out RANS CFD simulations relative to the
first stage of the Low Pressure Compressor (LPC) of the Honeywell ASE120 industrial
gas-turbine operating at its design rotational speed. The compressor performance was
analyzed by considering the prescription of different swirl distortion patterns at the inlet of
the CFD domain. They included the swirl, twin and the positive and negative offset swirl
patterns. For each swirl distortion pattern, the compressor performance were analyzed
within its range of operability as indicated in Fig.

As a counter-rotating and co-rotating bulk swirl was prescribed at the inlet, an in-
crease and decrease of corrected mass flow and pressure ratio were observed. However,
for a fixed intensity of the bulk swirl, measured by means of swirl intensity (see § [A]), the
magnitude of the change in performance is higher for a co- than for a counter-rotating bulk
swirl. This is related to the fact that the efficiency drop is higher when counter-rotating
swirl occurs (Fig. [I.7(b)). Although negative swirl increases the stability pressure ratio,
the adiabatic efficiency is lower than both clean (baseline) and positive bulk swirl inlet
conditions as shown in Fig. Therefore, regardless of the conditions of the swirl
distortion level, the adiabatic efficiency of the compressor for any case taken into consid-
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eration. In general total pressure distortion however causes a more severe effect than swirl
distortion and is therefore more problematic as far as uniformity of total temperature is
concerned.

For twin swirl, it was observed that both the co-rotating and counter-rotating swirl
regions contributed to reduce the rotor efficiency (Fig. [I.7(b)). However, following the
analysis of the bulk swirl, the counter-rotating swirl region reduces the efficiency much
more than the co-rotating swirl region. For this reason, reduces in minor measure than a
purely co-rotating bulk swirl.

Regarding the case of offset swirls, the negative offset swirl speed line is almost
coincident with the baseline speedline. This is a function of the swirl directivity (see §[A)
for the swirl pattern generated. As discussed in §[A] the swirl directivity can be considered
as spectrum of values which change from twin to bulk swirl. Therefore, it is expected that
the speedlines on the compressor map will also migrate correspondingly up or down from
the twin swirl towards the bulk swirl speedlines, indicated in Fig.

Regarding the effects that more complex swirl patterns, i.e that attributed to com-
plex intake geometries (paired swirl), tightly wound-vortices and/or their combination,
determine on the compressor performance are still under investigation.

1.1.1.3 Combined effect of total pressure and swirl distortion

To quantify the effect that the total pressure combined with swirl distortion determines
on turbomachinery performance, a decoupling of these two types of flow distortion is
required. However, this is not a simple procedure since the two types of distortion interact
each other. Moreover, the number of possible combinations of vorticity pattern, pressure
distortion extent and severity is infinite. Hence, a lot of research in this field is nowadays
considered.

The SAE S-16 Committee carried out numerical investigations considering two par-
ticular combinations of total pressure and swirl distortion. They included a paired twin
swirl with a spot of total pressure superimposed on the co- and counter-rotating swirl part
as shown in Fig. [1.8(a) and [I.8(b)l As a result, the swirl alleviates the effect of the
total pressure distortion in the case of co-rotating swirl (Fig. [[.8(a)). On the other hand,
the counter-rotating swirl reduces the stability margin below the expected operating value
with the total pressure distortion alone (Fig. [I.8(b)).
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1.2 Project aims and objectives

The aim of this research is to provide qualitative and quantitative information regarding
the effect on a fan rotor performance relative to the self-generated distortion typical of an
S-duct and its combination with that attributed to a tightly-wound vortex. Moreover, the
assessment of a methodology to determine the location of the AIP for swirl distortion was
carried out. To achieve these aims, a number of key objectives was established.

1. Validation of the CFD models defined in this research for two public geometries,
one for an S-shaped intake and one for a fan rotor. These were the RAE S-shaped
intake 2129 and the NASA Rotor 67.

2. Definition a purely numerical coupled system S-shaped intake/fan rotor configura-
tion based on the aforementioned CFD models.

3. Investigation of the effect of the inlet flow distortion on the rotor part of the coupled
system operating under clean inlet conditions.

4. Assessment of distorted boundary conditions representative of a tightly-wound vor-
tex in terms of flow direction and total pressure distribution at the inlet plane of the
computational domain.

5. Investigation of the effect of the flow distortion on the rotor part of the coupled
system operating with a vortex ingested at the intake inlet plane and by analyzing
the effects of both vortex characteristics and throttle setting.

6. Establishment of numerical correlations between the change of rotor performance
and the inlet swirl distortion.

7. Assessment of a methodology to determine the location of the AIP for swirl distor-
tion. This was applied on the NASA Rotor 67 coupled with a straight annular duct
where a tightly-wound vortex was prescribed at the CFD inlet plane.
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1.3 Thesis structure

An overview of the contents relative to each Thesis chapter is presented below.

In the current Chapter, the rationale and the scope of the work are presented. Then,
the inlet flow distortion background as well as the main findings regarding its effect on
turbomachinery performance are discussed.

Chapter [2] presents an overview of the published work up to date concerning differ-
ent swirl distortion patterns. More attention is addressed to provide information regarding
the type of distortion attributed to the S-shaped intake operating under clean and with a
tightly-wound vortex ingested at the inlet of the intake itself.

Chapter [3]is divided into three sections. The first section presents the conditions
imposed to define the computational method valid for any CFD models created in this
work. In the second section, the geometries of an intake and a fan rotor selected from the
public domain, the relative CFD models and their validation against experimental data are
reported. Moreover, a purely numerical coupled system configuration, proposed in this
research to analyze the inlet flow distortion, is defined. The third section introduces the
key parameters used to analyse the CFD results obtained throughout this research. Finally,
in the fourth section, the boundary conditions defined to prescribe a tightly-wound vortex
at the inlet of the CFD domain are presented.

Chapter []discusses the numerical results obtained on the coupled system operating
under clean inlet conditions. Firstly, a Reynods number effect analysis, carried out to
ascertain the validity of the CFD results of the intake for the coupled system is reported.
Then, numerical investigations are presented for two rotational speeds, defined with the
typical rotor operability. These include the aerodynamics of the intake,the description of
the flow field at the AIP and the effect of the S-duct on rotor performance. Finally, a
comparison of the results obtained for the two rotational speeds investigated is discussed.

Chapter [5]discusses the numerical results obtained on the coupled system operating
with a tightly-wound vortex ingested at the inlet of the intake and for the same rotational
speeds already investigated under clean inlet conditions. In particular, the effect of vortex
characteristics and throttle settings were analyzed, each at a different rotational speed.

Chapter [6|presents a methodology assessed to determine the location of the AIP for
swirl distortion.

Chapter [/]lists the conclusions of the current research and the recommendations
for future work.



Chapter 2

Literature review

In this chapter, a concise review of the published work regarding the swirl distortion is
presented. The first part of the review introduces the types of flow distortion identified
in previous research. The second part provides details of the type of inlet swirl distortion
attributed to an S-shaped intake since it represents the main interest of this work. Finally,
the third part reports examples of experimental and numerical research regarding different
S-shaped intake geometries operating under clean and with an ingested vortex at the inlet.

2.1 Swirl distortion

The SAE S-16 Committee!® conducted experimental and numerical research regarding
the swirl distortion. They proposed a methodology to quantify the swirl distortion. For
this purpose, the identification of an AIP for swirl distortion was necessary. This is the
crossflow section upstream of the engine face after which the swirl distortion no longer
changes before reaching the engine face itself. So far, AIR 1419 carried out a detailed
analysis of the AIP relative to total pressure distortion only. Hence, it was concluded that
for conventional aircraft inlets, this AIP should be placed at 1.5 fan diameters upstream
of the engine face. On the other hand, the location of the AIP for the swirl distortion is
still undefined and, therefore, is usually considered as close as possible to the engine face.
Hence, the swirl distortion in an inlet duct is identified by the angle defined between the
local flow velocity vector V=(V,,,Vy,V.) and the normal direction to the AIP. Generally,
the local velocity vector is function of both radial and tangential flow velocity compo-
nents (V, and Vg). However, for engines without IGVs, the radial velocity component
(V,) can be neglected with respect to the circumferential velocity component (Vp). The
latter, therefore, affects directly the incidence angle on the rotor blade and then the rotor
performance. Hence, the methodology is based on the swirl angle (¢t) (Eq. [2.1)) defined
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between the tangential and axial velocity components (Vg and V), both expressed with
respect to a coordinate system having the origin coincident to the centre of the AIP (Fig.

2.1).

V
o = arctan -2 (2.1)
Vz

+—Compressor Rotation \

e

Figure 2.1: Definition of swirl angle () 16

Moreover, the SAE S-16 Committee!® categorized swirl distortion into four types.
They are identified by the swirl topology observed at the AIP which entails a specific
effect on the turbomachinery. These are bulk swirl, paired swirl, cross flow swirl, and
tightly-wound vortices. Their details are presented in the following sections, since for
this work swirl distortion pattern have been assessed.

2.1.1 Bulk swirl

The whole flow approaching a compressor face can be rotational in only one direction.
Hence, according to the rotational direction of the flow against that of the compressor, a
co- and a counter-rotating bulk swirl is defined. This is characterized by a swirl angle ()
relatively constant along the circumferential position of a generic i ring of the AIP as
shown in Fig. 2.2
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Figure 2.2: Swirl angle pattern of the bulk swirl for a generic " ring"©

2.1.2 Paired swirl

The formation and development of the paired swirl is attributed to the presence of an S-
shaped turned intake ahead of the a compressor rotor. The paired swirl would be one- or
two-per-revolution whether the flow crosses a single or double turn (see Fig. [2.3). This
type of swirl distortion is characterized by a swirl angle (o) which oscillates between
positive and negative values along the circumferential position of a generic i ring of the
AIP. The number of oscillations depends on the number of the flow turnings. In particular,
the double turn represents the case of an S-shaped intake (or duct). Moreover, according
to the symmetry conditions at the inlet, two paired swirl configurations are identified:
twin and offset paired swirl. These occur when the flow field entering the duct is uniform
or not, respectively. Consequently, the distorted outlet flow pattern is symmetric or not,
as shown in Fig. and [2.4(b)] respectively. Since this type of swirl distortion was
investigated in this research, more details are presented in § 2.2
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Figure 2.4: Visualization of the possible paired swirl cases according to the inlet flow
conditions
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2.1.3 Cross flow swirl

In some cases, such as lift fans with very short and straight inlet ducts exposed to cross-
flow in forward flight, cross-flow swirl may be experienced. Consequently, the flow turns
by up to 90° to reach the compressor face. Hence, swirl distortion in the cross flow
direction is generated. This type of swirl distortion differentiates from that of the paired
swirl presented in §2.1.2] since the trend of the swirl angle (&) along the circumferential
location remains unchanged regardless of the /" ring considered'® as shown in Fig.

Cross
flow
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Cross flow 20

Swirl Angle along a ring (deg)
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0 360
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direction

Figure 2.5: Swirl angle pattern measured along a ring in clockwise direction from Top
Dead Center (TDC) and for cross-flow swirl1©

2.1.4 Tightly-wound vortices

Tightly-wound vortices are flow perturbations concentrated in a relatively small portion
(about 10%) of the inlet flow area of the intake. They are highly dynamic in location,
and extremely difficult to measure. In this category the wing-tip and streamwise vortex
(or vortices) are included. The wing-tip vortex (vortices) arise from upstream strakes,
whereas the streamwise vortex (or vortices) arise from surfaces which can be part of the
aircraft fuselage (Fig. or, during static or near-static operations, from the ground.
The latter is the case of the ground vortex (or vortices) which represents the most danger-
ous type of tightly-wound vortex (or vortices) since foreign objects can be ingested into
the engine with consequent mechanical damage (Fig. . Murphy# investigated the
aerodynamics of this type of vortex at Cranfield University. In particular, according to the
wind conditions three mechanisms of formation were considered: quiescent, headwind,
and crosswind condition. Also, the main parameters which defined analytically this vor-
tex were identified. They include the ground clearance (k/D;), velocity ratio (U*) and
yaw angle (y). Further details concerning this type of vortex are presented in § [B] The
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current research is based on this type of vortex by taking the advantages of this research.

PlanePictures.net // Copyright by Peter Thonas // 5-October-2085 // CHL // 1128537398

(a) CFD visualisation of streamwise vortex 16 (b) Ground vortex ingestion on a Rolls Royce
RB211-524G ©Peter Thomas 2005

Figure 2.6: Cases of possible tightly-wound vortices
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2.2 S-shaped intakes and ducts aerodynamics

Aircraft propulsion systems often use diffusing S-ducts to guide the airflow towards the
compressor face?*. For S-shaped intakes, the flow pattern measured at this location man-
ifests by means of a paired swirl introduced in § [2.1.2] In this section, a description of
the S-shaped intake geometry is provided. Then, the flow physics occurring in the S-duct
is discussed in details. Finally, the most relevant previous research for the current work
and relative to different S-ducts operating under clean inlet conditions as well as with a
prescribed vortex ingested at the inlet, is reported.

2.2.1 Geometry description

Referring to Fig. [2.7] S-shaped intakes are designed by considering the limits related to
four main geometric parameters. These are length to inlet diameter ratio (L/D;y,), diffu-
sion ratio (D, /Din), cross section shape and offset to length ratio (O f /L).

Dout

Figure 2.7: Visualization of a generic S-duct geometry

Length to inlet diameter ratio (L/D;,) This parameter identifies the flow regime inside
of an intake. Hence, it is a compromise between the need to reduce weight> and pressure
loss, due to an increase of the wall surfaces, and to minimize flow separation due to the

increase of the area change along the axial direction.

Diffusion ratio (D,,;/D;,) This parameter defines the degree of the diffusion of the flow
before entering into the intake. For subsonic flows this is higher than the unity in order to
decelerate the flow up to the compressor face. However, the higher the diffusion ratio the
higher the level of adverse pressure. This induces in turn flow separation with consequent
increase of total pressure loss and swirl distortion'.
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Cross section shape Especially for military applications, this evolves from the inlet to
the outlet of the intake where it has to be circular due to the presence of the fan rotor.
Ibrahim et al.*” analyzed numerically the effect of cross section shape on the subsonic
diffuser of the F-5 fighter duct. To do so, two geometries were investigated: the actual F-
5 duct and a circular cross-sectional duct with similar centerline configuration of the F-5.
The baseline intake resulted in a 0.5% increase in pressure recovery and 15% decrease in
distortion compared to the circular cross-sectional duct, introduced to isolate the change in
cross-section shape. As a result, the change in cross-section was considered as a solution
to improve the intake performance in terms of distortion produced at the AIP.

Offset to length ratio (Oy/L) This parameter is correlated with the curvature of the
S-shaped intake. Hence, the higher the curvature the higher the flow separation'.

2.2.2 Internal flow field in S-ducts

Turning flows are subjected to changes in pressure and velocity distributions. Conse-
quently, the flow field is subject to adverse pressure gradients and secondary flows. Their
presence can be explained by considering initially a uniform energy flow entering into
an S-bend as shown in Fig. In this condition, the static pressure measured along
the S-duct increases with the radius in order to balance the centrifugal force. Meanwhile,
according to Bernoulli, the velocity decreases.

Adverse Pressure Gradient
High energy oore flow

s . meves fo fhe outside
L \ of the umn displacing
_____. _________________ weaker boundary
™. layer flow
- N

Outside

+ Inside

Twin Swirl

Secondary Flow

Inside

Figure 2.8: Formation of a paired swirl in a duct bend for uniform energy distribution
(A) and presence of the boundary layer at the inlet (B)%®
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On the other hand, real flows are characterized by a non-uniform energy distribu-
tion due to the presence of the boundary layer. Hence, the velocity is zero at the wall and
reaches a maximum value at the core. In this case, the combination of centrifugal and
pressure forces on the more quickly moving core flow cause a deflection of the core itself
towards the outside of the bend. Fluid approaching the outside of the bend amend the ad-
verse pressure gradient as shown in Fig. [2.8] Energy deficient near-wall flow approaching
the outer cannot pass through the adverse pressure gradient. Therefore, it moves around
the walls towards the low static pressure region on the inside of the bend. The movement
of the low energy fluid towards the inside part of the bend combined with the deflection
of high velocity core region towards the outside of the bend sets up two cells of secondary
flow taking place all of the cross section (Fig. [2.8). They manifest with a paired swirl
which is associated with a separation bubble occurring in the S-duct. A description of the
separated flow occurring within the S-duct is presented below.

Referring to Fig. the surface of a generic S-duct diffuser is cut along the
symmetry plane opposite to the separation zone and, then, unwrapped onto a horizontal
plane. The streaklines pattern is also shown. This identifies two halves of the duct surface
where four features can be observed. These are the spiral nodes of separation, saddle
points, and positive and negative bifurcation lines. Their definitions are provided below.

N
P
> -+ N
NS
@ Spiral node b
B Saddie point
P Positive bifurcation line
N  Negative bifurcation line N

Figure 2.9: Visualization of the skeleton of the skin friction lines on the surface of un-
wrapped S-duct diffuser-
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Spiral node of separation This is a point of singularity where an infinite number of
streaklines spiral around and towards a certain point of the surface“” as shown in Fig.

29

Saddle point This is a point of singularity where only two distinct skin friction lines
pass through the point itself>* as shown in Fig.

Bifurcation lines These are streamlines defined by considering notions of streamsur-
face bifurcation theory. Generally, steady 3D flows can be defined by streamsurfaces.
Flow fields are usually characterized by special streamsurfaces which appear to bifurcate.
A streamsurface can bifurcate in positive or negative manner=" as shown in Fig.
and [2.10(b)] respectively. Positive bifurcation refers to a stagnation streamsurface which
divides along a stagnation line. Hence, a single streamline within the stagnation stream-
surface appears to bifurcate into two different streamlines (Fig. [2.10(a)). Usually, posi-
tive bifurcations are associated with downwashing counter-rotating vortices. On the other
hand, negative bifurcation refers to a streamsurface which emerges from a negative bi-
furcation line. Hence, two different streamlines near a flow boundary combine to form a
single streamline within the streamsurface (Fig. [2.10(b)). Usually, negative bifurcations
are connected to uplifting counter-rotating vortices.

A L

(a) Positive (b) Negative

Figure 2.10: Streamsurface bifurcations on a solid wall*

Referring to Fig. [2.9] the streaklines pattern indicate that two negative bifurcation
lines emanate from the saddle point located upstream of the recirculation. These bifur-
cation lines are addressed towards opposite directions in the cross-flow plane and appear
symmetric with respect to the centerline. Both of these lines converge towards two spiral
nodes of separation symmetrically disposed on the S-duct wall. Also, two other bifur-
cation lines exist: one arises from the saddle point located downstream of the separation
zone and another is located where the duct was cut to be unwrapped. Finally, a pair
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of positive and symmetric bifurcation lines arise between the negative bifurcation lines
mentioned above.

In theory, the flow topology described above is perfectly symmetric. In reality,
however, the flow unsteadiness cause the separation pattern to never be symmetric and
to oscillate between the configuration shown in Fig. and its mirror configuration=?,

Therefore, no streaklines pass simultaneously between two saddle points.

[ |

& Spiral node
B Saddle point

Figure 2.11: Visualization of the skeleton of the skin friction lines on the surface of
unwrapped S-duct diffuser for a real asymmetric case”

2.2.3 C(Clean inlet conditions

A lot of experimental and numerical research has been addressed to analyse the flow field
of S-ducts operating under clean inlet conditions. Here, the main finding regarding a
representative S-duct configuration and that used for the current research are discussed.
They are the Wellborn and the Royal Aeronautic Establishment (RAE) model 2129 S-
shaped intakes.

2.2.3.1 The Wellborn intake

Wellborn et al.! conducted experimental research on a representative diffusing S-duct (see
Fig. at the Internal Fluid Mechanics Facility of the NASA Lewis Research Cen-
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ter=!. The duct centerline is contained within the plane xz and defined by two circular arcs
having the same radius of curvature (R) of 102.1 ¢m, and the subtended angle (6,4 /2)
of 30°. The shape of the generic cross section perpendicular to the centerline is circular
throughout the whole S-duct. The axial position within the duct is measured by means of
the length along the centerline normalised by the inlet duct diameter (s/D;). Meanwhile,
the position within the polar plane is specified by the combination of the polar angle (¢),
measured from the vertical in a positive clockwise direction, and the radial distance from
the centerline (r). The S-duct inlet and outlet radius (r; and r,) are equal 10.21 and 12.57
cm, respectively, at which correspond an area ratio (A /A1) of 1.52.

Investigation of the flow field relative to the S-duct was accomplished by adopting
different experimental techniques. The visualization of the flow field as well as the static
pressure were extracted on the S-duct wall. In particular, the wall flow field was visualized
with fluorescent oil applied on the duct wall itself. Meanwhile, the wall static pressure
was measured with taps located along the axial direction at constant polar angles ¢ =
0°,90° and 170°. On the other hand, the internal flow field was measured with calibrated
three- and five- hole probes at five different planes perpendicular to the duct centerline
indicated in Fig. [2.12(b)] The static and total pressure coefficients (C,, and Cp,) were
used to express the static and total pressure (p and Fy) with respect to the intake inlet
centerline conditions representing the reference states (Eq. [2.2]and Eq. [2.3). Moreover,
the local velocity vectors were converted in Mach number vectors and normalised against
that measured at the intake inlet centerline (M;,) (Eq. [2.4).

P — Pref
C,=——tre (2.2)
b PO,ref — Pref
Py— Pref
Cpp=—"— (2.3)
0 PO,ref — Pref
M
M= (2.4)
Mref

The experimental tests relative to this intake were conducted at constant values of
intake inlet centerline Mach number (M;,,) of 0.6 and Reynolds number of 2.6 - 10° based
on the intake inlet diameter (D7) and centerline velocity.

As aresult, the wall flow visualization showed that the points of onset separation and
reattachment were located at s/D; = 2.02 and 4.13, respectively. Overall, the flow was
essentially symmetric and the separated region was characterized by two saddle points
and two spiral nodes on each symmetric duct half as expected for an isolated intake (see
§ 2.2.2). Also, the boundary layer presented a cross flow component identified by the
direction of the streamlines at the wall.
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(a) S-duct geometry

s/D; = 4.01

—

Plane E

(b) Experimental crossflow planes

Figure 2.12: Visualization of the geometry (a) and experimental measurement crossflow

planes (b) of the Wellborn S-duct?
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Figure @ shows the trend of static pressure coefficient (C,) along the axial posi-
tion of the S-duct and for ¢ = 10°,90°, and 170°. Moreover, the axial range of the sepa-
rated flow region, obtained experimentally from the flow visualization at the duct wall, is
also indicated. Through the first bend of the S-duct, the effect of streamline curvature is
evident by the difference of static pressure between the extreme circumferential locations
(¢ = 10° and ¢ = 170?), while the effect of diffusion is evident by the overall pressure
rise towards the S-duct outlet. The presence of the separation is visible at ¢ = 90° and
¢ = 170° within the axial range where the static pressure remains essentially constant.
This means that there is almost no change in flow speed in the lower half of the duct.
Moreover, due to the flow blockage generated by the separated region, a favourable pres-
sure gradient manifests in the higher half of the duct (¢ = 10°). After reattachment the
pressure distributions converge towards a common value regardless of the circumferential
position.

0.6 (— - ¢ ey

B AL e P, B b e B B B LB e i |

Figure 2.13: Static pressure coefficient (C,) along the S-duct for ¢ = 10, 90, and 170°
and with indications of the cross flow planes B, C, and pH
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Referring to the cross flow planes indicated in Fig. an analysis of the
internal duct aerodynamics was carried out. The contours of total pressure coefficient
(Cp,) and normal component of the normalised Mach number (M*) are shown in Fig.
2.14(a)land 2.14(b), respectively. At plane B, located at the first bend, the boundary layer
is thickest at the top (¢ = 0°) and the lowest at bottom edge of the duct (¢ = 180°). This
phenomena is a consequence of the streamwise pressure gradients that accelerate the flow
near the bottom (¢ = 180°) and decelerate the flow near the top edge (¢ = 0°) of the duct 1l
This difference is visible in Fig. [2.14(b), where the local inlet Mach number is greater
than that at the inlet (M;,) near the bottom of the duct. A total pressure deficit region is
notable in the last three planes (C,D and E shown in Fig. [2.12(b)) located towards the
S-duct outlet where the flow separation region, indicated in Fig. [2.13] is well developed.
At the plane E, the axial flow direction returned back to that relative to the inlet and cross
stream static pressure gradients were eliminated. However, before reaching this plane,
static pressure gradients were sufficiently strong to reverse the direction of the boundary
layer flow on the upper surface of the duct. Hence, a large pair of counter-rotating vortices
located in the lower half of the plane E evolved. These vortices continually convected
the low momentum fluid of the boundary layer towards the centre of the duct. As a
consequence, the magnitude and uniformity were degraded.

The transverse Mach number components were also investigated for the last four
planes (B, C, D and E shown in Fig. as shown in Fig. At plane B, the
transverse Mach number components occur only near the duct surface, essentially due to
the lower momentum fluid which moves from the top (¢ = 0°) to the bottom edge of the
duct (¢ = 180?). Also, the boundary layer thickness at this plane changes slightly with
the circumferential position.
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PlaneA s/D; =-0.50
PlaneB s/D; = 0.96
PlaneC s/D; =297
PlaneD s/D; =4.01
_PlaneE  s/D; =5.73

Plane A

(a) Total pressure coefficient (Cp,)

PlaneA s/D; = —0.50
PlaneB s/D; = 0.96
PlaneC s/D; =297
PlaneD s/D; =4.01
s/D; =5.73

(b) Normal component of normalised Mach number (M*)

Figure 2.14: Contours of (a) total pressure coefficient (Cp,) and (b) normal Mach number
component (M*) on experimental crossflow planes'!
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Plane B
Plane C
Plane D
Plane E

Plane C

s/D; = 0.96
s/D, = 2.97
s/D; = 4.01
s/D, = 5.73

Plane D

Plane E

Figure 2.15: Transverse component of the Mach vector (M*) on experimental crossflow

planes'!

2.2.3.2 The RAE S-shaped intake 2129

Another complex intake widely investigated in the public domain is the RAE S-shaped
intake model 212932, Since this intake represents that selected to conduct numerical
analyses relative to the current research, its details as well as the validation process carried

out on a CFD domain are presented in §

2.2.4 Vortex ingestion

Most of the computational and experimental investigations carried out till date on complex
intake geometries considered clean inlet conditions?*. However, current research is also
addressed to consider intake flow field characterized by the ingestion of tightly-wound
vortices (see §, ingested at the inlet of the intake. In this section, the most interesting
experimental and numerical analyses carried out to date and considered for this research

are reported below.
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2.2.4.1 Previous experimental research

Wendt et al.? analyzed experimentally the effects on the flow field within a diffusing
S-duct of an ingested trailing vortex. This represents, for example, that coming from a
forward component of the airframe during a high angle of attack manoeuvre.

Two S-duct configurations were selected for this analysis. The first was the baseline
Wellborn S-duct, already defined in § 2.2.3|(Fig. [2.12). The second was the same S-duct
with the addition of an array of vortex generators (VGs), introduced by Reichert et al.%,
and placed on the S-duct wall upstream of the saddle point of separation (Fig. [2.16).

+

Vortex generator
array location
¢

30°

Figure 2.16: Geometry of the Wellborn S-duct with VGs array*

In absence of VGs and upstream of the axial location of flow separation, the flow
converges towards the saddle point of separation as normally expected in an S-duct (see
N . On the other hand, VGs mounted to counter or redirect the secondary flow con-
verging near the duct surface determined the reduction of the duct distortion accompanied
with an increase of total pressure recovery. Generally, the inclusion of VGs increases the
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level of total pressure at the engine face resulting in a higher value of pressure recov-
ery. The configuration of vortex generator array that mostly improved the total pressure
recovery and reduced the flow distortion was used in the analysis of Wendt et al.2>. In par-
ticular, an increase in total pressure recovery of 0.5% and a reduction in the total pressure
distortion parameter (DCg) by more than 50% were observed.

The ingested vortex was generated by means of a stationary eight bladed pinwheel
mounted upstream of the diffusing duct (Fig. [2.17). The ingested vortex was rotating in
counter-clockwise direction when observed upstream into the inlet duct.

Honeycomb/Screen

Figure 2.17: Stationary eight bladed pinwheel for vortex generator=>

Hence, a parametric analysis based on the variation of the vortex ingested position
within the inlet crossflow plane was accomplished. Referring to the baseline Wellborn
S-duct (see § [2.2.3), three vortex positions were considered in experimental tests. The
first position corresponded to the centerline of the inlet crossflow plane. The second
position coincided with the edge of the crossflow plane for a circumferential location
where strong secondary flow of the intake occurs (¢ = 180?). The third position was
simply circumferentially opposite to the second position (¢ = 0?). The test cases are
summarised in Table 2.11
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Inlet boundary conditions

S-duct configuration
& Vort. ing. Vort. ing. near vort, ing. near

Clean  at center- duct wall at ¢ = gyct wall at ¢ = 0°
line 180°
Baseline S-duct 1 3 5 7
S-duct with VGs array 2 4 6 8

Table 2.1: List of numbers relative to experiments conducted by Wendt et al. on the
Wellborn S-duct without and with VGs array=>

Visualizations of the flow field at the wall of the S-ducts investigated were obtained
by pressing absorbent paper over oil flow pattern on the duct surface (Fig. [2.18). The
symmetric separation region discussed in § [2.2.2] was evident for the baseline Wellborn
duct operating under clean inlet conditions as shown in Fig. Then, by considering
the ingestion of a vortex,the largest change in the aerodynamics of the baseline Wellborn
duct occurred when this was ingested at the angular position aligned with the separation
(¢ = 180°). For this case the flow separation is still notable between s/D1 = 2 and 4
although was no longer symmetric as shown in Fig. Downstream of this region,
the surface streaklines converge and trail off towards higher values of the angular position
(@) generating an asymmetric pattern. This condition was related to the crossflow of the
ingested vortex in proximity to the wall. On the other hand, the lowest influence on the
flow separation occurred because of the vortex ingested on the duct centerline or near the
duct wall at ¢ = 0° than the case presented above, as shown in Fig. [2.18(c)|and [2.18(g)

On the other hand, the application of the VGs array to the baseline Wellborn intake
operating under clean conditions caused the disappearance of the S-duct separation re-
gion, while the flow remained symmetric as shown in Fig. [2.18(b)] Then, the ingestion
of a vortex caused the surface flow within the S-duct to be qualitatively similar to that
occurring under clean inlet conditions as shown in Fig. [2.18(b)] Hence, the flow sep-
aration presented the divergence of two concentrated patterns of converging streaklines.
This is related to the effect of VGs which counter the crossflow naturally occurring in the
baseline Wellborn S-duct.
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Figure 2.18: Surface flow visualization on the separated region of the Wellborn S-duct®¥



34 Literature review

The flow field was also investigate at the exit plane (plane E) of the ducts considered,
indicated in Fig. The baseline Wellborn S-duct operating under clean inlet
conditions (Test case 1) presented the natural paired swirl characteristic of the S-duct and
the flow field possesses mirror image symmetry (Fig. [2.19(a)).

As the vortex is ingested at the centerline of the baseline Wellborn duct (test case 3),
its perturbation on the velocity vectors is notable, while its effect on total pressure field
is minimal (see Fig. [2.19(c)). Referring to Fig. as the vortex is ingested near
the duct wall at the angular position aligned with the separation (¢ = 180°), no vortex
structure is identifiable. Nevertheless, the vortex determines a convective influence on
the S-duct flow separation. Therefore, the vortices normally occurring in the S-duct shift
towards the right. This shift is also evident in terms of total pressure contours. On the
other hand, as the vortex is ingested near the duct wall at the angular position opposite to
the separation (¢ = 0°), the solution at the exit plane is less influenced compared to that
relative to the test case 5 (see Fig. and Fig. [2.19(e)). In terms of total pressure,
a distortion is observed in the boundary layer on the wall opposite to the self-generated
distortion.

The investigation of the exit plane on the Wellborn S-duct with an array of vortex
generators operating under clean inlet conditions (Test case 2) presented the presence
of four vortices (Fig. [2.I9(b)). The exterior vortices are that relative to the natural S-
duct flow separation. Meanwhile, the internal vortices are that created by the array of
vortex generators. For this intake, as the vortex is ingested at the centerline (test case
4), its perturbation on the velocity vectors is notable as shown in Fig. while its
effect on total pressure field is minimal. On the other hand, as the vortex is ingested near
the duct wall at the angular position aligned with the separation (¢ = 180?), the effect
of the vortex generators on the flow field increases (see Fig. [2.19(f)). This is evident
by comparing the vortices attributed to the presence of vortex generators shown in Fig.
[2.19(b)|and [2.19(f)| Finally, as the vortex is ingested at ¢ = 0, the flow pattern is similar
to that obtained under clean inlet conditions except the fact that a small distortion in the
boundary layer occurs in a location opposite to that of the S-duct flow separation.
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Nk oamen 1

(b) Test case 2

(a) Test case 1

(d) Test case 4

(c) Test case 3

(f) Test case 6

(e) Test case 5

(h) Test case 8

(g) Test case 7

Transverse velocity vectors and total pressure distribution at the plane E

defined for the Wellborn S-duct>?
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2.2.4.2 Previous numerical research

Anderson? conducted numerical investigations regarding the effect of an ingested vortex
on the flow field of the S-duct of the F/A-18 (Fig. [2.20).

Figure 2.20: Visualization of the F/A-18 inlet duct?

The analysis was accomplished using a 3D Reduced Navier-Stokes (RNS) code.
A preliminary validation of this duct was carried out on an equivalent circular diffusing
S-duct. This had a centerline following that of the F/A-18 and the diameter distribution
based on the hydraulic diameter of the original model.

Then, numerical calculations were carried out with a Mach number (M;,,) of 0.6 and
a Reynolds number of 8 - 10°, both measured at intake inlet. The latter was based on the
hydraulic inlet diameter. In these conditions, three groups of vortices were ingested. For
the first and second group, the vortex location at the inlet was held constant while the
swirl angle attributed to the vortex (o) increased up to 45 in counter and co-rotating
clockwise direction, respectively. For the third group, the swirl angle associated to the
vortex (0,) was held constant while the radial location towards the wall was increased.

The results showed that from the intake inlet plane (Fig. and 2.21(b))

to the engine face (Fig. and [2.21(d)), the ingested vortex had the tendency
to spiral out around the inside surface of the duct in a direction corresponding to the

sense of the ingested vortex itself. Therefore, for the Reynolds number considered, the
overall qualitative nature of the vortex ingested was essentially ’inviscid like’. Hence,
the dominant aerodynamic characteristics have their origin in inviscid flow theory. On
the other hand, viscous effects are important, but their influence is felt by increasing the
boundary layer blockage. This phenomena cause to the vortex to move radially inward.
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The effect of the ingested vortex was quantified by means of the kinetic energies
of the primary, secondary and swirl flow relative to the direction of the duct centreline
(KEp, KE; and KEg), calculated along the S-duct as given in Eqs. [2.6] [2.7)and [2.5]

respectively.

Vs
KE,= [ pV,-2dA 2.5
b= [PVl 25)
VA+Vg,
KE,= [ pV, | 222~ 2.6
= [ Vo5 2.6)
V2
KEg = /A pv,,79dA (2.7)

These parameters enabled the definition of two non-dimensional metrics: the sec-
ondary and swirl kinetic energy ratios (ks and kg), expressed in Eqs. [2.8]and [2.9]

KE

ky = —— (2.8)
KE,
KE

kg = —2 (2.9)
KE,

Figures [2.22(a) and [2.22(b)| show the trend of secondary and swirl kinetic energy
ratio (kg and kg) along the axial direction with and without an ingested vortex at the inlet.
The ingested vortex under consideration is characterized by a swirl angle o = 10°. It
is assumed that the swirl kinetic energy component (kg) is the portion of secondary flow
kinetic ratio that would be eliminated with the application of IGVs. Hence, these param-
eters can track and quantify the passage of each and every vortex disturbance entering the
inlet duct. These trends provide a quantitative methodology where the aerodynamic flow
quantities characterizing the vortex ingestion can be directly related to the main geometric
quantities relative to the inlet duct.
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Figure 2.21: Velocity vectors at the inlet plane and engine face of the F/A-18 duct for a
vortex swirl angle (o) of 102



2.2 S-shaped intakes and ducts aerodynamics 39

Do
&
=
T4
=2
i
=]
= 3
-
Bl
g 2
i-1=:|' .
.E
.E d
=

05

Centerline Distance, X,/ D;
(a) Co-rotating vortex

é 2
F
s 4T
)
=
-
]
B .2
.E
£ 1 F
=

0 5

Centerline Distance, X/ D,

(b) Counter-rotating vortex

Figure 2.22: Secondary and swirl kinetic energy ratio (ks and kg) along the axial position
of the duct for (a) co- and (b) counter-rotating vortex ingested at the inlet as compared
with the clean inlet conditions?



40 Literature review

2.3 Conclusive remarks

The most relevant literature review concerning the effects of the inlet flow distortion on
turbomachinery performance, the inlet flow distortion characterization, and flow field
analyses into S-shaped intakes operating under clean and with a prescribed vortex in-
gested at the inlet have been reviewed. The main findings within the previous research
are listed below. Then, a summary relative to the key aspects that this research is ad-
dressed to analyse is also provided.

2.3.1 Main findings and contributions

1. Murphy®® conducted experimental research to predict the characteristics of the
ground vortex related to the wind and engine conditions.

2. The S-duct internal aerodynamics by considering clean inlet conditions has been
extensively analyzed experimentally and numerically.

3. Anderson” investigated numerically the aerodynamic characteristic of an ingested
vortex into a closed duct. He confirmed that the inviscid vortex theory could be
applied to the vortex itself.

4. Wendt et al*¥ carried out parametric analysis relative to the effect of an ingested
vortex location on the S-duct aerodynamics. He confirmed that the largest influence
was determined by a vortex ingested to a location at the intake inlet aligned with
the S-duct flow separation.

5. The effects of both bulk and paired swirl on turbomachinery performance have been
extensively investigated either experimentally and numerically.

6. The S-16 Committee'® estimated the location of the AIP for total pressure distortion
valid for conventional aircraft inlets..

2.3.2 Deficiencies in current understanding

1. Effect of the rotor blades on the S-duct flow field.

2. Effect of the S-duct flow separation on the turbomachinery performance.

3. Effect of the S-duct self-generated distortion combined with that attributed to a
vortex ingested at the intake inlet on the performance of a fan rotor.

4. Estimation of the location of the AIP for swirl distortion.



Chapter 3

Computational models and
methodology

To quantify the effect that different inlet flow distortion patterns determine on the turbo-
machinery performance the realization of a large number of experiments involving dif-
ferent rotor geometries, operating conditions and swirl distortion patterns are required.
Alternatively, the assessment of CFD calculations can allow an easier variation of afore-
mentioned parameters. Meanwhile, the time and expenses can be reduced according to
the complexity of the CFD models used. For this reason, CFD was the approach adopted
for the current research.

In this chapter, the CFD tools developed as well as the methods applied to carry
out numerical investigations of the CFD results and to prescribe vortical flows at the in-
let of the CFD domains are discussed. Firstly, the conditions defining the computational
method applied to the CFD solver adopted in this work are specified. Secondly, the ge-
ometries selected from the public domain to carry out the current research, the relative
CFD models created and their validation against experimental data are reported. In par-
ticular, these geometries were the RAE S-shaped intake 2129 and the NASA Rotor 67.
Then, a purely numerical coupled system S-shaped intake/fan rotor configuration based
on the aforementioned geometries, defined in this research to analyze the inlet flow dis-
tortion, is presented. Thirdly, the descriptors used to quantify both the total pressure and
swirl distortion as well as the non-dimensional groups introduced to analyse the flow field
and the performance of the aero-engine components considered in this research are pre-
sented. Finally, the procedure followed to implement a tightly-wound vortex into the CFD
code as inlet boundary condition and the characteristics of a datum vortex are defined.
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3.1 Computational method

The CFD solutions of this research were obtained by using ANSYS CFX v14.0 CFD code.
This is an implicit pressure based and vertex centered CFD solver=®, In this section, the
conditions defining the computational method, applied to the CFD solver, are presented.

3.1.1 Type of simulations

Most of the CFD simulations carried out in this research adopted the Reynolds Averaged
Navier-Stokes (RANS) approach. Therefore, the numerical results obtained were time
averaged, by implying an approximation of the real flow behaviour. However, this is
the most used approach in engineering field since it provides results sufficiently accurate
within a reasonable computational time. On the other hand, to determine of the AIP for
swirl distortion, which will be presented in § [6.3] the CFD simulations were performed
by using the Unsteady Reynolds Averaged Navier-Stokes (URANS) approach. This com-
plication was introduced because of the limitation of the CFD code to solve the flow field
involving a single CFD rotating domain having a distorted flow prescribed at the inlet
plane. The details relative to the assessment of these simulations are discussed in § 6.3

Moreover, according to the flow velocities reached for the case studies of this re-
search, transonic zones existed throughout the computational domains. Therefore, it was
necessary to account for the compressibility effects with the activation of the energy equa-
tion in the CFD solver.

3.1.2 Convergence criteria

To confirm the convergence of a CFD solution, two conditions had to be verified. Firstly,
the convergence was reached when the values of the root mean square (RMS) of the resid-
uals relative to mass conservation, Navier-Stokes, energy and turbulence model equations
were below 5-107. Secondly, the mass flow imbalance had to stabilize to zero with the
numerical iterations.

3.1.3 Advection scheme

The discretization of the advection terms of Navier-Stokes equation system followed a nu-
merical scheme already implemented into CFX solver v14.0 called *High Resolution’3.
Normally, this is a first order which switches gradually to a second order advection scheme
by applying a blending factor as the gradient of the CFD solution overcome an established
limit.
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3.1.4 Turbulence modelling

As discussed in § 2.2.2] the flow field in S-shaped intakes is characterized by complex
secondary flows and adverse pressure gradients. These conditions put high demands in
terms of turbulence modelling. Amongst the turbulence models considered in the litera-
ture for this kind of applications there are Spalart Allmaras®>, k — £°¢, k — 0%, and k — @
shear stress transport (SST).

The one-equation turbulence model Spalart Allmaras was mainly developed for
aerodynamic flows. This model consists in a transport equation for the eddy viscosity.

The two-equations turbulence model k& — € requires the specification of two trans-
ported variables, the specific turbulent kinetic energy (k) and the turbulent kinetic energy
dissipation rate (€). As an advantage, this model provides an accurate CFD solution in the
outer region and outside of the boundary layer. Also, the CFD solution is not significantly
affected by the values of k and € imposed at the free stream boundaries. However, this
model is unable to calculate the numerical solution up to the wall and, therefore, uses a
wall function. Hence, it is recommended that the non-dimensional wall distance ()PL
of the mesh adopted has to be between 11 and 100. Moreover, this model does not pre-
dict accurately large adverse pressure gradients, due to the overprediction of the turbulent
kinetic viscosity.

The two-equations turbulence model kK — w requires the specification of the turbulent
kinetic energy (k) and the turbulent frequency (®). As compared with k£ — €, the numerical
solution is calculated up to the wall without specifying a wall function. Consequently, the
non-dimensional wall distance (y*) has to be below 1. However, this model strongly
depends on the values of k and @ imposed at the free stream boundaries and, as for the
k — € model, overpredict the turbulent viscosity.

The two-equations turbulence model k — @ SST was introduced by Menter=Z. Es-
sentially, it is a combination of the k — @ model in the inner boundary layer, and k — €
model in the outer region of and outside of the boundary layer. This is analytically real-
ized by using a blending factor function of the physical distance from the wall. Moreover,
to avoid the overprediction of the shear stress (and then the separation) when adverse
pressure gradients occur, the turbulent viscosity is artificially reduced by adopting the
methodology assessed by Johnson at al.?8. As compared to k — € and k — o, this k — ®
SST turbulence model is the most accurate in predicting flow separation. Also, according
to previous research this model is accurate to simulate transonic compressors flows=> as
well as predicts their shock wave system upstream of the rotor face*’. As for the k — o,
the application of the k — @ SST turbulence model, the CFD code solves the flow up to
the wall, without requiring the specification of the non-dimensional wall distance. Hence,

*The non-dimensional wall distance (y*) provides an indication of the distance between the wall and
the first cell node in accordance with the operating conditions.
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by imposing a priory a value of non-dimensional wall function (y*), Reynolds number
and length of reference, the corresponding spacing normal to a solid surface relative to
the first cell of the mesh was estimated by adopting a toolbox available on internet™!.

3.2 Geometries, CFD models and validations

In this section, the geometries selected from the public domain and applied for this re-
search, the relative CFD domains and their validation against experimental data are de-
scribed in detail. These geometries are the RAE S-shaped intake 2129 and the NASA
Rotor 67. Moreover, a full scale CFD model defined for a coupled system S-shaped in-
take/fan rotor based on the aforementioned geometries and introduced in the this research
to carry out analysis of the inlet flow distortion is presented.

3.2.1 RAE S-shaped intake 2129

In this research, a sensitivity analysis of the flow distortion was conducted on a coupled
system S-shaped intake/fan rotor where the intake part was based on the geometry of the
RAE S-shaped intake 2129. In this section, the description of the geometry and the exper-
imental and numerical previous research relative to this intake are presented. Moreover,
the details of the CFD model created for this intake and the relative validation process are
reported.

3.2.1.1 Geometry description

The RAE S-shaped intake 2129 is a side mounted intake with a circular cross section
and an horizontal symmetry plane. The position of the intake with respect to the air-
craft is identified with the starboard, bottom, port and top edges indicated in Fig. [3.1]
The details regarding the geometry of this intake was extensively provided in previous
research2434443 T particular, the S-duct inlet corresponds to the throat station, while
the engine face, or AIP, is located at 1.0655 ft, where the duct straightens out again.
Moreover, the main intake dimensions are shown in Fig. and their numerical values
are listed in Table [3.11
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Dimension Value

D;, [mm] 128.7
L, [mm] 152.4
D;/Diy, 1.102
Dy [mm] 152.4
Loy [mm] 152.4
Dy [mm] 41.1
L/D;, [mm] 3.552
Os/L 0.3

Table 3.1: Values of main dimensions of RAE S-shaped intake 2129

Along the axial direction, the intake can be split into three parts: a constant cross
section inlet part, an S-duct diffuser and a constant cross section outlet part (Fig. [3.2).
Both, the inlet and outlet parts extend for one outlet diameter (D,,;). The intake cowl is
internally defined by an ellipse and externally by the airfoil NACA 1 — 854 — 35147, The
S-duct diffuser part is analytically defined by means of the non-dimensional centerline
offset () and the non-dimensional diffusing profile (), both as functions of the axial

position (z), Egs. [3.1]and [3.2]

NG
y:%:3<1—§>4—4<1—§)3+1 3.2)
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3.2.1.2 Previous research

The flow field of the RAE S-shaped intake 2129 was widely analyzed both experimen-
tally*82 and numerically*24043494443 for different operating conditions and working
fluids. The most relevant previous research for the current work is presented below.

The Advisory Group for Aerospace Research and Development (AGARD) carried
out experiments on this intake22. In particular, two test cases, namely the High Mass Flow
(HMF) and Low Mass Flow (LMF), were conducted. The experiments were conducted
by ensuring a uniform total pressure and total temperature (F ;, and Ty ;,) and free-stream
Mach number (M..) at the intake inlet. Meanwhile the Mach number at the AIP (My;p)
identified the test case. The values relative to these quantities are listed in Table (3.2

Parameter HMF LMF

Poin [Pa]  101215.8 101134.5

Tp,in [K] 293
M., 0.21
Mayrp 0.536 0.304

Table 3.2: Specifications of AGARD test cases=>>

Referring to these experiments, AGARD also reported sensitivity of the flow to nu-
merical procedures and concluded that more detailed experimental data could have been
beneficial*%. Hence, the aforementioned experiments were repeated by the Aircraft Re-
search Association (ARA)#%. As a result, differences were notable especially for the
AGARD HMF test case as shown in Fig. Menziez*¥ concluded that this differ-
ence could be attributed to an improvement of the measurement techniques which were
achieved with the ARA measurements. Hence, the experimental data relative to ARA
measurements of the AGARD test cases were used as a reference for the current work to
validate the CFD model defined for this intake.

On the other hand, Menzies et al.*®43 carried out RANS CFD calculations to vali-
date the flow field within the RAE S-shaped intake 2129 against ARA experiments men-
tioned above. He considered the Spalart Allmaras, k — € and k — @ SST as turbulence
models. He found the k — @ SST was found to provide the best flow prediction. As
already discussed in § [3.1.4] this turbulence model is the most suitable for flows char-
acterized by adverse pressure gradients which normally occurs in S-shaped intakes. The
numerical results of this research were used as the CFD reference of the current work.
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AGARD HMF test case compared between AGARD> and ARA“® experiments



3.2 Geometries, CFD models and validations 49

In addition, Mohler®? conducted numerical research on the RAE S-shaped intake
2129 by using the CFD code Wind-US, developed by NPARC Alliance, and by adopting
structured and unstructured meshes. Uniform total pressure and temperature of 14.667
psi and 517 °R were imposed at the inflow plane. Meanwhile, at the outflow plane a
uniform static pressure was imposed to match a throat Mach number between 0.4 and 0.8.
Due to limitations of the CFD solver used, the Spalart-Allmaras was used as turbulence
model. As a result, the application of a structured mesh determined slightly more precise
results as compared with that relative to an unstructured mesh (Fig. [3.4). This can be
attributed to a better accuracy generally achieved with structured meshes in resolving the
boundary layer, since it plays an important role on the internal flow structure. However,
the generation of a structured mesh for a complex geometry such as an S-shaped intake
is a very arduous process, while unstructured meshes generation is a more automated

process but can be advantageous in some applications.

(a) Experimental (b) Structured mesh (c) Unstructured
mesh

Figure 3.4: Comparison of contours of total pressure recovery at the engine face of the
RAE S-shaped intake 2129% for different meshes for a throat Mach number of 0.8

Finally, Chevalier et al ® investigated the flow passing through the RAE 2129 in-
take by using both RANS and Detached Eddy simulation (DES) numerical approaches for
a free stream Mach number (M.,) of 0.207 and a mass flow (W) of 2.87 kgs~!. A common
computational domain of about 6.13 million elements was adopted. As compared with
the RANS solution, the DES model indicated an earlier separation onset occurring in the
S-duct with respect to the experiments and, therefore, a more extended separation bub-
ble. As a consequence, the reattachment location moved futher downstream. Therefore,
according to the mesh used, RANS performed better than DES approach.
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3.2.1.3 Description of the CFD model

Figure shows the CFD domain for the RAE S-shaped intake 2129. Tramontin°"
defined this intake using ICEMCFD mesh generator.

T RAE S-shaped
- intake 2129
Farfield wall
Farfield
/_ o« Outlet
e

P Lelne
S—

Farfield

. Farfield
inlet plane <«

outlet plane

Figure 3.5: Top view of the CFD domain and boundary conditions of the RAE S-shaped
intake 2129

A farfield zone was defined upstream of the intake and sufficiently extended to repli-
cate the natural deviation of the flow entering the intake within the capture streamtube as
obtained during ARA experiments“*® and to avoid the influence due to the presence of the
artificial farfield wall. Hence, according to CFD experience matured during the doctoral
research the farfield extended of 4.38 - D;, along the axial direction (z) and 10.27 - D;,
along the two main directions perpendicular to the axial direction (x,y). The S-duct wall
was built upon 16 circumferences representing the traces of equidistant planes perpen-
dicular to the axial direction and defined along the S-duct itself. The intake cowl was
generated from the revolution of a curve around the axis of the intake at the inlet. The rel-
ative coordinates were calculated using a methodology proposed by Williams>Y. Finally,
the coordinates of the spinner were extracted from a drawing of the intake reported in the

public domain“®,

After the definition of the geometry, several blocks were strategically placed through-
out the CFD domain (Fig. and to ascertain a high quality of the fully structured
mesh which was then created. The blocking strategy applied around the intake cowl con-
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sisted of the creation of O-grid blocks along the intake and the external region of the inlet
cowl as shown in Fig. In this manner, the resolution relative to the mesh was
highest within the O-grid placed at the centre of the intake and, then, gradually decreased
moving away from the intake itself (Fig. [3.8(c)), where high mesh resolution was no
longer required. Due to the intake offset, five O-grid blocks were defined and intercon-
nected along the S-duct as shown in Fig. Finally, close to the spinner body a
block was extruded from the central O-grid of the S-shaped intake towards the leading
edge of the spinner itself as shown in Fig. As recommended by Menzies*?,
the aforementioned blocks were filled by fully structured submeshes. To guarantee an
acceptable mesh quality, quantified by skewness and aspect ratio of the mesh elements,
CFD simulations were conducted iteratively with modifications on the mesh to satisfy the
convergence criteria introduced in § [3.1.2] These modifications involved mainly the mesh
blocking defined around the cowl and spinner shown in Fig. [3.8(a) and [3.8(b)l

Finally, the mesh resolution was established by the number of elements defined
along the main edges of the blocks indicated in Fig. and Also, to carry out a
grid dependency study, three meshes with different resolution were defined. The number
of elements defined along the main edges as well as the total number of mesh elements
are listed in Table 3.3



52 Computational models and methodology

(a) Farfield zone

(b) Cowl zone

Figure 3.6: Visualization of the main block edges (a) around the farfield and (b) cowl
zone of RAE S-shaped intake 2129
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(a) S-duct zone

(b) Spinner zone

Figure 3.7: Visualization of the main block edges (a) along the S-duct and (b) around the
spinner of RAE S-shaped intake 2129
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Edge Mesh

Coarse Medium  Fine
Ny 30 34 58
N, 30 34 58
Nro 23 27 44
N1 23 28 45
N> 26 29 46
N4 55 55 55
N0 100 100 100
N1 11 12 20
N;» 34 35 40
N3 16 21 34
N 4 12 14 22
N5 30 35 58
N6 31 37 61
N7 30 36 59
N s 20 24 39
N9 15 17 27
N 10 41 49 81

Nior(x10%)  3.825 6.361  12.647

Table 3.3: Details of meshes defined for RAE S-shaped intake 2129
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»

(a) Mesh cut-plane (y,z) at x = 0 m around (b) Mesh cut-plane (y,z) at x = 0 m around
the cowl the spinner

VEOIIIIIS

(c) Mesh at the farfield inlet plane (z =
—1.37 m)

Figure 3.8: Main mesh features of RAE S-shaped intake 2129 (fine mesh)

3.2.14 Grid dependency study

A grid dependency study was carried out by evaluating the total pressure distortion param-
eter (DCgp) and the pressure recovery (1) at the AIP and the static to inlet total pressure
distribution (p/P ;) along the port and starboard and port edge of the intake for the three
meshes defined in the previous section. The evaluation was relative to both AGARD LMF
and HMF test cases (Fig. [3.9(a), [3.9(b), 3.10] and [3.11). As a result, the CFD solution
was essentially independent of the mesh considered. Nevertheless, the finest mesh was
selected to define the CFD domain of the coupled system in order to reduce as much as
possible the level of numerical dissipation attributed to a vortex further ingested into the
system itself (§ [3)).
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Figure 3.9: Total pressure distortion parameter (DCgg) and pressure recovery (1) at the
AIP relative to AGARD HMF and LMF test cases and for the three meshes defined
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Figure 3.10: Static to inlet total pressure (p/Pp in) versus axial position (z/Do,) for the

AGARD HMF test case and for the three meshes defined
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Figure 3.11: Static to inlet total pressure (p/Pp in) versus axial position (z/Do,) for the
AGARD LMEF test case and for the three meshes defined
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3.2.1.5 CFD validation

The CFD model of the RAE S-Shaped intake 2129 described in the previous section was
validated against ARA experiments“®, in turn relative to the AGARD HMF and LMF test
cases already introduced in § [3.2.1] The validation process consisted to analyse the static
pressure distribution along port and starboard edges of the intake, the Mach number at the
symmetry plane and flow quantities evaluated at the AIP. Referring to Fig. [3.5]and Table
the boundary conditions imposed on this CFD domain are specified below.

A uniform total pressure and total temperature corresponding to that imposed in the
AGARD test cases at the intake inlet (7 ;, and T ;,) were imposed at the farfield inlet
plane. Meanwhile, a uniform static pressure field was imposed at the farfield outlet and
intake outlet planes to match the free-stream Mach number and that at the AIP (M., and
Myp), respectively. Finally, the type of boundary condition ’free-slip wall” was applied
at the farfield wall in order to avoid the generation of boundary layers and their influence
on the intake flow field.

The AGARD HMF test case Figures and show the distribution of
static to inlet total pressure ratio (p/Fo in) along the axial direction at the starboard (¢ =
0°) and port (¢ = 180?) edges, respectively and for the AGARD HMEF test case. The
data refer to the ARA experiments*® and that relative to the CFD solutions obtained by
Menzies*® and in the current work. The trend starts from the highlight plane (z/Dyy; =
0). The S-duct inlet and S-duct outlet plane are placed at z/D,,; = 1 and z/Dyy; = 3,
respectively.

Referring to Fig. the static pressure at the starboard edge increases grad-
ually along the S-duct part because of the diffusion effect. Then, it decreases slightly
towards the S-duct outlet due to the presence of the spinner which reduces the cross sec-
tion. Therefore, the flow is accelerated. At the S-duct inlet, the values of static pressure
at the port edge (Fig. were higher than that at the starboard edge (Fig. [3.12(a)).
Vice-versa occurs at the S-duct outlet plane. This was due to the centrifugal force that
normally manifest in the flow passing through a curved duct (see § [2.2.2)). According to
this, it would be advantageous to consider the longitudinal and lateral pressure gradients
separately. The former is associated with duct diffusion and incidence and plays an im-
portant role in determining the severity of flow separation within the duct. The latter is
associated with centrifugal effect and has a decisive role in establishing the swirl pattern.
As expected, the flow separates within the S-duct part generating a secondary flow. This
separation is detected at the starboard edge between z/D,,,; = 2 and 3. Overall, the CFD
results are in good agreement with the experimental data, although a higher discrepancy
occurs at the starboard edge where the recirculation takes place with respect to the rest of
the duct. Nevertheless, the CFD model defined in the current work performs better than
others proposed in previous research>.
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Moreover, according to the mass flow rate, transonic flow regions are located at the
first bend and cowl, while the separation region characteristic of the S-duct is notable at
the starboard edge as shown in Fig. [3.13] Also, it was noticed that reattachment of the
flow occurs downstream of the separation zone.

The intake performance and the total pressure distortion at the AIP were quantified
in terms of pressure recovery (1) and total pressure distortion parameter (DCg), respec-
tively, presented in § [A.Tjand [3.3.8] These metrics are listed in Table [3.4]for the ARA
experiments48, the CFD results of Menzies™ and that relative to the model introduced in
this work. By considering the numerical analyses carried out either by Menzies** and the
author, the total pressure distortion parameter (DCg() was generally over predicted against
that provided by ARA experiments. As already suggested by Menzies*?, this discrepancy
may be related to the reduced number of probes applied during the experiments.

The AGARD LMF test case As for the AGARD HMF test case, similar results were
also extracted for the AGARD LMEF test case. The AGARD LMF test case delivers a mass
flow 0.67 lower than that relative to the AGARD HMF test case. Consequently, the flow
field is characterized by lower velocities and higher static pressures throughout the intake,
and lower acceleration values at the cowl region. These conditions lead to less discrepancy
between numerical results and experimental data than in the AGARD HMF test case.
However, according to previous research=#4%, the prediction of the secondary flow taking
place at the starboard edge (¢ = 0°) remains more challenging than the AGARD HMF
test case. Therefore, a discrepancy between the CFD results, obtained by Menzies*?
and in the current work, the ARA experiments occurs between z/D,,, = 1.5 and 3 (Fig.
3.14(a)). Nevertheless, a better agreement with the ARA experiments was achieved with

the current CFD results rather than that obtained by Menzies*>.

Figure [3.15|shows the Mach number contours at the symmetry plane of the intake.
This is essentially providing the flow feature. On the outer and inner part of the cowl lip,
the stagnation point and the high velocity regions are visible.

Table lists the values of pressure recovery (7n1) and total pressure distortion
coefficient (DCgg) for the CFD results carried out by Menzies and in the current work and
ARA experiments and relative to LMF AGARD test case. Note that regardless of the case
study, the values of pressure recovery (1) are very similar and very close to the unity since
the level of flow separation reduces consistently with respect to that of AGARD HMF test
case presented above. On the other hand, the total pressure distortion coefficient (DCg)
obtained from the CFD results were significantly higher with respect to that obtained by
the experiments. Again, the reason of that could be attributed to the poor probe resolution
adopted during the experiments.
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Figure 3.12: Static to inlet total pressure (p/Py;,) versus axial position (z/D,y) for
AGARD HMF test case compared between ARA experiments“® and Menzies CFD re-
sults®3
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5.695e-01
4.746e-01
3.797e-01
2.847e-01
1.898e-01
9.492e-02
0.000e+00

Figure 3.13: Contour of Mach number at symmetry plane (x = 0) for AGARD HMF test
case

Case n DCyg
ARA experiments 0.928 0.398

Menzies 0.941 0.688
Current work 0.947 0.595

Table 3.4: Pressure recovery (1) and total pressure distortion parameter (DCgg) at the
AIP for AGARD HMF test case
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5.315e-01
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Figure 3.15: Contour of Mach number at symmetry plane (x = 0) for AGARD LMF test
case

Case n DCeo
ARA experiments 0.98974 0.226

Menzies 0.99994 0.34
Current work 0.9908 0.205

Table 3.5: Pressure recovery (1) and total pressure distortion parameter (DCgp) at the
AIP for AGARD LMF test case
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3.2.2 NASA Rotor 67

In this research, a sensitivity analysis of the flow distortion was conducted on a coupled
system S-shaped intake/fan rotor where the rotor part corresponded to the NASA Rotor
67. In this section, the geometry and the main experimental and numerical previous re-
search regarding this rotor are presented. Also, the details of the CFD model created for
this rotor and the relative validation procedure are reported.

3.2.2.1 Geometry description

The NASA Rotor 67 is a low-aspect ratio transonic axial fan rotor>2 and represents the
first of a two-stages transonic compressor (Fig. [3.16). This rotor has 22 blades and an
aspect ratio of 1.56. The rotor solidity varies from hub to tip between 3.11 and 1.29.
The inlet and exit tip diameters are 0.514 and 0.485 m, respectively. The inlet and exit
hub to tip radius ratio are 0.375 and 0.478, respectively. The rotating part of the hub is
defined between 1.374 and 0.335 c¢m upstream and downstream of the hub rotor leading
and trailing edge, respectively. The tip clearance is uniform and equal to 0.1016 cm.

Figure 3.16: Front view of the NASA Rotor 6753



66 Computational models and methodology

3.2.2.2 Previous research

The NASA Rotor 67 was designed and tested at Lewis Research Center. The measure-
ments were taken by means of aerodynamic probes and laser anemometer distributed
along different span locations as shown in Fig. [3.17] In particular, the aero-stations 1 and
2 were introduced to estimate the total conditions necessary to calculate the rotor global
performance. They are located at 2.47 and 11.1 cm, upstream and downstream of the hub
rotor leading edge, respectively.
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L'/ AERO STATION 25 SPAN.
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Figure 3.17: Meridional view of NASA Rotor 67 with aerodynamic survey locations>2

The experiments were conducted at the rotor design rotational speed (N;) equal to
16043 RPM at which the blade speed and inlet relative Mach number at the tip reach
values of 429 ms~! and 1.38, respectively. Figures [3.18(a)land [3.18(b)| show the rotor
pressure ratio (PR) and isentropic efficiency (n,-sﬂ versus the mass flow (W) along the
design speedline. Here, two characteristic operating points, called near stall and near
peak efficiency, were defined. The pressure ratio, isentropic efficiency and mass flow of
the near stall point are equal to 1.722, 0.901 and 32.31 kgs~!, respectively. Meanwhile,
the same quantities for the near peak efficiency operating point are equal to 1.6, 0.932 and
33.25 kgs~!, respectively.

TSince turbomachinery are essentially adiabatic, the ideal process is isentropic and, therefore, the effi-
ciency is called isentropic efficiency>*
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Figure 3.18: Global performance versus mass flow (W) of the NASA Rotor 67 running
at design rotational speed (N;) with indication of near peak efficiency and near stall oper-
ating points of NASA experiments>2
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Due to the low aspect ratio, the flow field relative to the rotor changes from subsonic
to transonic regime, moving from hub to tip. Therefore, a shock wave system occurs
upstream of the rotor face for blade span locations where the transonic regime occurs. Its
characteristics strongly depend on the throttle settings. From experiments, the progression
from a near normal shock followed by a small passage shock at near peak efficiency to
a single normal shock ahead of the rotor blade leading edge at near stall operating point
was observed”>. These characteristics are shown in Fig. [3.19(a)and [3.19(b) with the
contours of relative Mach number (M,,;) at 90% of blade span for near stall and near peak
efficiency operating poins, respectively, relative to NASA experiments>>.

) ROTATION
(a) Near stall (b) Near peak efficiency

Figure 3.19: Contours of relative Mach number (M,,;) obtained from NASA experiments
at 90% of blade span=>

Other relevant flow features of this rotor for the current work are the vortical flow
generated by the tip clearance and the hub corner stall. The relative description and pre-
vious research are summarized below.

Tip clearance For a high-speed fan rotor operating near stall, the leakage vortex asso-
ciated with the tip clearance interacts with the passage shock described above. As this
vortex passes through the passage shock, its area increases creating a source of blockage
associated with stall. Therefore, the point of stall inception moves to a higher flow rate
with a reduction of the rotor flow range>® (Fig. . On the other hand, away from stall
the shock waves system consists of a series of oblique shock waves propagating within
the blade passage without a notable distortion. Consequently, the tip vortex influence
reduces.
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Figure 3.20: Rotor pressure ratio (left) and adiabatic efficiency (right) at design speed of
NASA Rotor 67 for different tip clearances>®

Hub corner stall Regardless of the throttle settings, Chima>’ observed a separation
bubble located at the trailing edge and near the hub of the rotor blade suction surface.
This separation was attributed to the high flow incidence occurring at the leading edge
near the hub of the blade.Therefore, the blade results to be highly loaded. Nonetheless,
the measurements at the hub were quite difficult and the presence of such phenomenon
has only been captured by some researchers.

3.2.2.3 Description of the CFD model

The geometry data of the NASA Rotor 67 were already available in the public domain>2.
Thirty-five point coordinates were given for 14 blade span surfaces. These points were
imported into ANSYS TURBOGRID mesh generator, where a single blade passage CFD
domain was deﬁnecﬂ (Fig. . This represented the datum configuration of the NASA
Rotor 67 used as a reference to investigate the effect of the S-duct on rotor performance
in § 4 The whole CFD domain was divided by the mesh generator into three regions: in-
let, outlet, and passage. Each region was in turn divided into several blocks strategically
disposed to maximize the quality of a fully structured mesh created upon this. To obtain
accurate CFD solutions, the inlet and outlet planes of the CFD domain were placed suffi-
ciently distant with respect to the blades, where the work exchange occurs®®. According
to practical experience, these locations were defined at 35% and 95% of the tip diameter
upstream and downstream of the hub rotor leading and trailing edge, respectively. More-
over, according to the geometry of the rotor (see §[3.2.2)), the hub was split into three parts
along the axial direction: two stationary, defined upstream and downstream of the rotor
blades, and one rotating including the rotor blades themselves.

According to point coordinates provided for the blade, this could operate if rotating in anti-clockwise
direction



70 Computational models and methodology
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Figure 3.21: Visualization of CFD domain for single blade passage of NASA Rotor 67

This rotor represents also that relative to the coupled system configuration, pre-
sented in §[3.2.3] and defined to analyse the inlet flow distortion. However, due to its high
complexity, the tip clearance of the rotor component was not modelled. Consequently,
the near stall operating point obtained from the CFD calculations was an approximation,

as discussed in §[3.2.2.2°¢

To guarantee a high mesh quality, a blocking strategy was adopted across the CFD
domain. Referring to Fig. [3.22(a)land [3.22(b)|, a H-grid topology was defined for both
inlet and outlet regions. An O-grid topology was defined around the blade. Finally, a J
and a H-grid topology were defined around the leading and trailing edge, respectively.
The mesh quality was improved by means of CFD simulations conducted iteratively with
modifications on the mesh to satisfy the convergence criteria introduced in § [3.1.2]as well
as to match the values of y™ requested by the turbulence model chosen.

Then, to carry out a grid dependency study three fully structured meshes were cre-
ated upon these grid topologies. Their resolution was defined by the number of elements
specified along the main edges of the blocks indicated in Fig. [3.22(a)|and [3.22(b)l The
number of elements defined along the main block edges as well as the total number of
elements for each mesh are listed in Table
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(a) Leading edge (b) Trailing edge

Figure 3.22: Main mesh features on the medium mesh of NASA Rotor 67

Mesh

Elements Coarse Medium Fine

N, 80 120 140
No 41 47 54
No 12 17 18
N 25 30 30
N:out 37 1.053 1515

Nipt(x10%) 708  1.053  1.515

Table 3.6: Details of meshes defined for the NASA Rotor 67
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3.2.2.4 Grid dependency study

A grid dependency study was conducted on the CFD domain of NASA Rotor 67. Hence,
the values of pressure ratio (PR) and isentropic efficiency (1;s) were extrapolated for the
three meshes defined in the previous section at near stall and near peak efficiency operat-
ing points of the NASA Rotor 67. These values were based on the mass flow average of
total pressure and total temperature calculated at the aero-stations 1 and 2 of the NASA
Rotor 67, defined in § 3.2.2] Figures [3.24(a)]and [3.24(b)| show the trend of pressure
ratio (PR) and isentropic efficiency (7;s) with the number of mesh elements defined in the
previous section. As a result, the global performance changed within 0.5% and tended
asymptotically towards constant values with a doubling of mesh resolution as shown in
Fig. [3.25] Moreover, the grid dependency study was confirmed by the trend of the total
temperature relative to the ambient conditions (7' /T}. ) along the blade span location and
at the aero-station 2 of the NASA Rotor 67 and for both near stall and near peak efficiency
conditions, as shown in Fig. Overall, as the mesh resolution increase to the medium
mesh, the CFD solution could be retained independent. Hence, as a compromise between
the computational time and accuracy of the CFD solution required, the medium mesh,
made up of 1.053 x 10° elements, was selected to define the coupled system configura-
tion (see § [3.2.3). Note also that, the mesh selected satisfied the grid resolution required
upstream of the rotor face to capture accurately the shock wave system, which will be

discussed in §[6.1.4]
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3.2.2.5 CFD validation

The validation of the CFD model defined for the NASA Rotor 67 was accomplished by
considering the global performance relative to the design rotational speed (N;). Referring
to Fig. [3.21] the standard atmospheric values total pressure and total temperature (i.e.
101325 Pa and 288.15 K), were imposed uniformly at the CFD inlet plane. Meanwhile,
a uniform static pressure was imposed at the CFD outlet plane. This was varied within
the stability limits of the CFD solution to obtain the whole rotor speedline between near
stall and near choking conditions. Hence, the rotor outlet static to inlet total pressure
(Pout / Po.in) varied between 1.25 and 0.967, respectively. Note, however, that the near
stall operating point obtained is an approximation due to the limitations of CFD model
used. More details regarding the flow field are provided near stall and near peak efficiency
operating points, already presented in § [3.2.2]

Global performance Figure shows the global performance of the rotor in terms
of pressure ratio (PR) and isentropic efficiency (7;s) versus mass flow (Wﬁ along the ro-
tor design speedline relative to the current work, NASA experiments and previous CFD
researchers carried out by Arima et al.”?, Adamczyk et al.”® and Niazi®? (Fig. .
Overall, the values of pressure ratio (PR) calculated along the whole speedline are in
agreement with the experimental data as well as with previous CFD results. In partic-
ular, at near stall and near peak efficiency this value change of 0.35 and —3.74% with
respect to that of the experiments. On the other hand, the mass flow (W) reduces more
and more with respect to that provided from the experiments as the operating point of the
rotor moves towards choking conditions. As a result, the numerical mass flow is 0.98%
lower than the experimental mass flow. This reduction confirms that a mass flow blockage
occurs towards choking conditions. Essentially, this means that the CFD model calculate
a boundary layer thickness higher than that obtained during the experiments. This differ-
ence can be associated to the total pressure loss attributed to the shock waves occurring
upstream of the rotor leading edge. Also, the mass flow reached at near stall operating
point is lower than that predicted by the experiments. As observed in previous research>®,
this discrepancy is associated with the absence of the tip clearance in the current CFD
model. Finally, regarding the isentropic efficiency (7;s) this was in agreement with re-
spect to that of the experiments along the whole rotor speedline as shown in Fig. [3.25(b)|
Nevertheless, the value at the near peak efficiency operating point was not captured, al-
though a smoother trend was obtained around that operating point. This discrepancy was
also observed in previous research. So far, only Niazi®” predicted most accurately the
near peak efficiency operating point. This achievement, however, was obtained with a
more accurate CFD model since unsteady calculations were performed.

$More correctly it was to consider as handle parameter the inlet corrected mass flow W, = W -
To,1/Trer/(Po,1/Prer). However, it was assumed that We,, = W
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Figure 3.25: Global performance versus mass flow (W) of the NASA Rotor 67 with
indication of near peak efficiency and near stall operating points of NASA experiments=>
and previous and current CFD results of Arima et al.>?, Adamczyk et al.>® and Niazi
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Blade-to-blade distributions The shock wave system occurring upstream of the rotor
face was observed at near stall and near peak efficiency operating points and at 90% of
blade span where the flow is in transonic regime (Fig. [3.26(a) and [3.26(b)). As a result,
the shock wave structure is similar to that observed in experiments, presented in §[3.2.2.2]
In particular, bow and passage shocks appear in a form of a lambda structure at near peak
efficiency. On the other hand, a bow shock is attached to the leading edge of the blade at
near stall operating point while the passage shock disappear.

1.600e+00
1.422e+00
1.244e+00 ,
1.067e+00
8.888¢-01
7.111e-01
5.333e-01
3.556e-01
1.778e-01

0.000e+00

(a) Near Stall (b) Near peak efficiency

Figure 3.26: Contours of relative Mach number (M,,;) at 90% of blade span

For both of the operating points the shock occurring at the leading edge takes place
in the second half of the blade span and induces a separation on the suction surface as
shown in Fig. [3.27(a)land [3.27(b)l Note also that the hub corner stall was well predicted

in the CFD results.

(a) Near stall (b) Near peak efficiency

Figure 3.27: Streaklines on the blade suction side for near stall and near peak efficiency
of the NASA Rotor 67
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3.2.3 Coupled system

The investigation of the effect that the flow distortion causes on a fan rotor performance
was accomplished on a CFD model represented by a coupled system S-shaped intake/fan
rotor shown in Fig. [3.28] This model was originally derived from the fine and medium
meshes defined for the CFD models of RAE S-shaped intake 2129 and NASA Rotor 67,
respectively (see § 3.2.1.3] and [3.2.2.3). Then, these CFD domains were subjected to
several modifications? which are summarised below.

RAE S-shaped intake 2129

Farfield wall scaled up to NASA Rotor 67

S-duct outlet
(AIP)

. v _ | Rotor outlet
| | ane

| NASA Rotor 67 |

Farfield

. Farfield
inlet plane

outlet plane

Figure 3.28: Top view of the CFD domain of the coupled system

Referring to Fig. and the outlet part of the intake was removed, while the
inlet part of rotor was shortened up to z/s = 0.107 upstream of the hub rotor leading edge.
Hence, the S-duct outlet plane was almost coincident with the rotor face where the AIP
was located. As suggested by Menzies*?, the AIP was located as close as possible to the
rotor face in order to have a very similar flow to that entering into the rotor itself. Also,
the outlet part of the rotor was extended up to three tip diameters downstream of the rotor
trailing edge. Since a certain level of distortion is expected out of the rotor of the coupled
system, this modification allows the flow redistribution downstream of the rotor trailing
edge, when a distorted pattern exists at the rotor face. Previous research indicated that the
length scale of the inlet flow distortion is as large as the mean radius of the compressor
system®.. Finally, a scaling factor was applied to the intake wall (SF,, = 3.37) to match
the intake outlet with the rotor tip inlet diameter. Meanwhile, another scaling factor was
applied to the spinner (SF; = 4.54) to match the rotor hub inlet diameter. Hence, the
resulting CFD domain of the coupled system encompassed about 31 million elements.

Moreover, to allow the propagation of the CFD solution a type of numerical in-
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terface between the two CFD subdomains had to be specified. For this model, it was
expected that the numerical solutions at the interface were characterized by distorted flow
localised within a radial and circumferential range where the flow separation occurs. For
this purpose, amongst the different types of numerical interfaces provided by the CFD
solver, that named as ’Frozen Rotor’ was the most indicated for the current work=%.

Finally, to carry out numerical investigations on the internal S-duct aerodynamics of
the coupled system, five cross flow planes were defined within a range of axial locations
of the S-duct where the self-generated distortion was found to be strongly developed

(Fig.[3.29).

| AIP (2/5=0.107 or 210.0115) =0.165m

[ Plane 5 (2/5=0.107 or 21.=0.131) L=1.54m

| Plane 4 (/5=2.345 or 21.-0.251)

| Plane 3 (2/5=3.464 or 2/1-0.371)

| Plane 2 (2/5=4.583 or /1.-0.49)

| Plane 1 (2/5=5.697 or 2/1-0.611)

z/s or z/L

Figure 3.29: Visualization of cross flow planes defined along the S-shaped intake of the
coupled system configuration
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3.3 Flow analysis parameters for CFD models

In this section, the inlet flow descriptors as well as the non-dimensional groups used
to analyse the flow field and the performance relative to the CFD solutions carried out
throughout this research are presented. The flow descriptors encompass those relative to
the total pressure and swirl distortion. On the other hand, the non-dimensional groups
include expressions used to investigate the flow field as well as the performance relative
to the coupled system and NASA Rotor 67, defined in § and respectively.
These parameters were calculated from the CFD solutions obtained in this research and
visualized with numerical tools created by means of Unix bash, CFX-post and Matlab.

3.3.1 Flow descriptors

To quantify both the total pressure and swirl distortion occurring at the AIP, several flow
descriptors were considered in this work. For the total pressure distortion, the so called
total pressure distortion parameter (DCgg) was selected as the descriptorm On the other
hand, the swirl distortion was described by means of a unique parameter proposed in this
research. This was named as the mass flow average of the magnitude of the relative flow
angle (or relative rotor incidence) change (M), expressed in Eq. Therefore, it was
defined as the absolute difference between the rotor incidences measured under clean and
distorted conditions (B.; and By ).

|AB| = |Ber — Baist| (3.3)

Note that the fact of considering the magnitude implied that the changes in rotor
performance were supposed independent of the descriptor sign. This parameter is an
indication of the change in rotor relative incidence angle at the AIP occurring between
the clean and distorted inlet conditions. Note that even with an annular duct upstream
configuration and rotor operating under clean inlet conditions, the swirl distortion at the
AIP could not be neglected. This was due to the rotor disturbances occurring at the
rotational speed investigated, which will be discussed in § [6.2] The inlet swirl distortion
was also analyzed and quantified in terms of non-dimensional streamwise vorticity (@),

defined in §[3.3.3]

IThe CFD results relative to the coupled system, presented in § E] and [5| considered the total pressure
distortion parameter (DCgp) as the maximum amongst that computed by considering an angular resolution
of 10°
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3.3.2 Non-dimensional standard deviations

Spatial standard deviations were initially introduced in this research to assess a methodol-
ogy to determine the AIP for swirl distortion (see § [6). The same metrics were also used
to investigate the internal S-duct aerodynamics relative to the coupled system operating
with vortex ingestion (see § [5). Essentially, these metrics quantify the level of root mean
square (RMS) on a j cross flow plane placed upstream of the rotor face. They were
non-dimensionalized against a representative flow quantity evaluated at a position depen-
dent of the CFD configuration analyzed. Conventionally, this location corresponded to
the CFD and and intake inlet plane defined for the datum NASA Rotor 67 (see § [3.2.2)
and the coupled system configuration (see § [3.2.3)), respectively.

Non-dimensional standard deviation of static pressure This parameter represents,
by means of a unique number, the spatial fluctuations of static pressure with respect to its
area-averaged value (p) evaluated on a j' crossflow plane, of the area A j» (p). This is
non-dimensionalized against the total pressure imposed at the CFD inlet plane (P ;,) as

given in Eq. 3.4

. P
(Pl)" =5~ (34)
where
fA (p— ﬁj)2dAj
p’,:\/ : A (3.5)

Non-dimensional standard deviation of tangential velocity component This param-
eter represents, by means of a unique number, the spatial fluctuation of the tangential
velocity with respect to its mass flow averaged value (V) evaluated on a crossflow plane
(Vg). This is non-dimensionalized against the mass flow averaged axial velocity calcu-
lated at the CFD inlet plane (V ;) as given in Eq.

.oV
(vé,) =52 (3.6)

where

Jw,(Vo =V ;)2dW;
%J=¢" W (3.7)
J
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3.3.3 Rotor normalized mass flow

The rotor normalized mass flow (W*) is defined at constant rotational speed as the mass
flow change between a generic operating point (W) and that relative to near stall con-
ditions (Wys), with respect to the mass flow range at the rotational speed considered

(Wyne — Whys) as given in Eq. [3.§]

W — Wys

WH= NS
Wie — Whs

(3.8)

This parameter was introduced to analyse the effect of throttle setting on the flow
distortion. This value ranges between zero and the unit at which correspond the near stall
(NS) and near choking (NC) operating conditions, respectively.

3.3.4 SKkin friction coefficient

The skin friction coefficient (Cy) is defined as the shear stress (7) relative to the mass flow
average of the dynamic head calculated at the intake inlet plane of the coupled system

(Eq. 3.9).

Cr= (3.9)

This parameter was introduced to visualize the flow separation normally occurring
in the S-shaped intake of the coupled system (see §[3.2.3).

3.3.5 Non-dimensional streamwise vorticity

This streamwise vorticity (@,) was introduced to describe the flow field at the AIP loca-
tion of the coupled system as part of swirl distortion analysis. Moreover, to allow com-
parisons between results obtained at different operating conditions this parameter was
non-dimensionalized (®@,) by considering the rotor inlet tip diameter (D;) and the mass
flow average of the streamwise velocity at the AIPN (V. arp) as given in Eq.

o = = (3.10)

INote that, at the AIP the streamwise corresponds to the axial direction (z)
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3.3.6 Relative axial velocity change

The relative axial velocity change (AV;%) was defined as the axial velocity change be-
tween clean and distorted conditions at the AIP relatively to the axial velocity calculated
under clean inlet conditions as given in Eq. [3.11]

Vz,dist - Vz,cl

AV, % =
¢ Vz,cl

(3.11)

This parameter was introduced to investigate the effect that the S-duct determines
on the rotor performance for the coupled system configuration operating under clean inlet
conditions (see § 4.2.4]and [4.3.4).

3.3.7 Non-dimensional total pressure

The non-dimensional total pressure (F;) was defined as the total pressure at the AIP rel-
atively to that imposed at the inlet of the farfield inlet plane of the coupled system con-
figuration (P ;). This parameter was introduced to identify the extent and location of the
total pressure deficit at the AIP of the coupled system (see § 4| and [3)).

3.3.8 Pressure recovery

The pressure recovery (1) is expressed as the ratio between the mass flow average of the
total pressure calculated at the AIP (F()A[P) and that at upstream infinity (1_30700).

Po.arp

3.12
Pow (3.12)

n:

This is a measure of the efficiency of the intake and represents a significant design
parameter since the total pressure loss into an intake can be related to the loss in engine
thrust. Clearly, a value of pressure recovery as close to unity as possible is desirable and
would indicate an efficient intake with a low distortion across the compressor face and,
hence, low susceptibility to engine surge®=.
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3.3.9 Change of rotor performance

In this research, the changes of rotor performance were quantified by considering the
rotor pressure ratio (PR) speedlines as well as the loss of stability pressure ratio (APRS).
The latter was that proposed by the ARP 14201Y defined at constant rotational speed. In
this condition, this was defined as the the difference between the stability pressure ratios
defined with the rotor operating under clean and distorted inlet conditions, (PRS,; and
PRSis), relatively to that calculated under clean conditions as given in Eq. 3.13]

APRS — PRSc = PRSaisi (3.13)
PRS,;

Figure [3.30|shows a sketch of the rotor pressure ratio (PR) versus corrected mass
flow (W,,,). Here, the rotor speedlines as well as the near stall operating points relative to
clean and distorted inlet conditions are indicated.

PRY
Clean speedline

S — — — = Distorted speedline
cl
PRS,;

PRSgist

~
7

Weor

Figure 3.30: Visualization of the parameters necessary to define the loss of stability
pressure ratio (APRS) following the constant rotational speed approach introduced by
ARP 14201
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Figure 3.31: Velocity vectors on the local and global coordinates system

3.4 Boundary conditions for a tightly-wound vortex

In this section, the procedure followed to prescribe a tightly-wound vortex at the inlet of
the CFD domain is described in detail. Also, the characteristics of a datum vortex used as
reference for this research are calculated.

3.4.1 Implementation into generalised coordinates

The vortex perturbation field relative to the Vatistas vortex model was defined with respect
to a local cylindrical coordinates system {L} = {xz,y.} placed at the vortex centre (Fig.
[3.31) as explained in §B.1] However, to facilitate the vortex prescription as boundary con-
ditions at different locations of the CFD inlet plane, the velocities were expressed with
respect to a global coordinate system {G} = {x¢,ys}. This was accomplished by map-
ping out the local velocity components onto the global coordinate system. In cylindrical
coordinates, and with respect to the global reference system, the position of the generic
point (P) and the vortex centre (V) are identified by the ternes (%rp,90p) and (°r,,90,),

respectively (Fig. [3.31).
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The coordinate of the generic point P with respect to the local reference system {L}
(brp,F@p) can be expressed as a function of the coordinates relative to the same point and
the vortex centre (V) in the global coordinate system as given in Eqns. [3.14]and [3.13]

Ll’p = \/G(rp)2 -+ G(rp)z — ZGVPGI’V COS(GQP - GOP) (314)

L Grpsin9Op — Cry sinC oy
Op = arctan

3.15
GrpcosGOp —CGrycos Oy G1)

The tangential and radial velocity components in the global reference system, (°Vj
and ©V,), can be defined as given in Eqns. and

GVQ ZLVQ COS(GQP—LGP) _LVrSin(GGP_LGP) (3‘16)

GVr = LV0 sin(GGP — LGP) +LVr COS(GGP — Lep) (3.17)

Where the local tangential and radial velocities (“Vy and ©V,) are computed by
replacing r with Lrp in Egs. and respectively. Using basic trigonometry, the
previous expressions can be re-written as given in Eqgs. [3.18]and [3.19]

Ve =LV, (sinGGP -sinf0p +cosC6p - cosLep)
—LVr(sinGep -sin%0p + cos Y 6p - cosLep) (3.18)

Oy, = LVg(sinGGP .cosL0p —cosOp - sinL 6p)
—LVr(sinGep-sinLGP—f—cosGOP-cosLep) (3.19)

In particular, the local radial velocity component (V) was neglected. This assump-
tion was also considered by Bhagwat et al. for tip vortices, similar to that applied for
the current research.

Since the local and global coordinate systems presented above are both defined in
a common plane, the axial velocity component written in the global coordinate system
(V) does not require any transformation and, therefore, is implemented into the CFD

code as given in Eq. [3.20]

A
GVZ:VDO__
<

P ) (3.20)
(72 (Frp)2) |
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The velocity components calculated in Eqs. [3.18] [3.19 and [3.20] enabled the
definition of the flow direction components given in Eqs. [3.21 [3.22]and [3.23]

£d(OVg) = Vg /\/OVZ 46V +6V2 (3.21)
£d(OV,) =V, )\ J6VZ 46V 1 6v2 (3.22)
£d(OV.) = OV, [6V3 +6V2 4 6V2 (3.23)

As already discussed for the axial velocity, the static pressure distribution (p) does
also not require any transformation. For the ground vortex case (n = 1), this is given in

Eq.

2 2
p| I e
= Poo — = 3.24
r=r-=5 5] [e=tm a2b
According to Bernoulli, the distribution of total pressure (F) was then calculated as
given in Eq. 3.25]

1
Ry=p+3p (Gvg 1 Oy2 4 GV}) (3.25)

Finally, the distributions of total pressure and velocity direction (Eqs. [3.21] [3.22]
[3.23] and [3.25) were necessary to be specified into the CFD code, in order to obtain a
converged solution.

3.4.2 Prediction of vortex characteristics

In this section, the characteristics necessary to define analytically the datum vortex con-
sidered in this research are calculated. They are the core radius (r.), circulation (I') and
axial velocity distribution relative to the vortex itself. Generally, their numerical values
depend on the intake geometrical parameters, operating conditions of the engine and ex-
ternal ambient conditions.

3.4.2.1 Vortex core radius

Murphy#® conducted experimental research on ground vortex aerodynamics. He observed
that the vortex core radius (r.) at the intake inlet plane was about 6% of the intake inlet
diameter (D;;,). This value was assumed for the datum vortex considered for this work.
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3.4.2.2 Vortex circulation

As discussed in § the circulation (I') relative to a ground vortex occurring in head-
wind conditions for a fixed ground clearance (h/D;), is a function of the velocity ratio
(U*) and reaches a maximum (I';,4y) at U,,,,. In the current work, the ground clearance
was fixed at h/D; = 0.25, while the velocity ratio corresponded to U, .. According to

max-*

Eq. this is function of the critical velocity ratio (U,;,). In turn, this terms requires
the specification of the mass flow (W). This was assumed constant at 28 kgs_l, which
is representative of the coupled system operability. Also, since the crosswind condition
(y = 90?) was considered, the vortex circulation (I') calculated for headwind conditions
(Eq. [B.IT]and and then the correction factor to account for the effect of the yaw
angle (Eq. [B.I5) was applied. In these conditions, the maximum value of vortex circu-

lation was I, = 25.8 m?s~! to which corresponds a velocity ratio of about U, = 5.5

(Fig. 3.32).
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Figure 3.32: Vortex circulation (I') versus velocity ratio (U*) for h/D; = 0.25, W =28
kgs~! and v = 90°

3.4.2.3 Axial velocity distribution
According to Eq. [3.20} the definition of the axial velocity distribution in the global co-

ordinate system (®V,) requires the knowledge of the constant A and the axial position z.
However, these parameters are not separately known for the ground vortex case. Instead,
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the present research makes use of the ratio A /z, which represents the maximum axial ve-
locity excess measured at the vortex centre. By assuming valid flow similarity at different
scales, this ratio was obtained by introducing a new parameter named as axial velocity ex-
cess ratio (AV',,). This is function of the maximum axial velocity measured at the vortex

centre (V, nqy) and the mass flow averaged axial velocity (V) as given in Eq.

AVF, = = = 3.26
z,ex VZ VZ ( )

This parameter was determined from previous ground vortex CFD results® for
three velocity ratio U*, h/D; = 0.25 and in pure crosswind conditions (y = 90°). Then,
a polynomial curve fitting those points was calculated as shown in Fig. Following
the prediction of vortex circulation presented in the previous paragraph, the velocity ratio
attributed with the maximum vortex circulation was U, ,, = 5.5. Therefore, following the

fitting curve in Fig. [3.33 the axial velocity excess ratio was AV, = 0.5.

z,ex
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Figure 3.33: Axial velocity excess ratio (AV,,) versus velocity ratio (U*) based on pre-
vious CFD results®* for 71/D; = 0.25 and w = 90°

Finally, the vortex characteristics relative to the datum vortex are summarised in
Table 3.7
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Vortex feature value
r 25.8 m?s~!
Te 6% - D,
n 1
AV 0.5

z,ex

Table 3.7: Characteristics of the datum vortex

3.4.3 Visualization of the vortex boundary conditions

The CFD simulations conducted with a vortex prescribed at the CFD inlet plane required
the definition of a global coordinate system introduced in § [3.4.1] Conventionally, this
was centered on the rotor axis, having the positive direction towards the rotor outlet.
Figures [3.34(a)|- [3.34(d)| show the distributions of tangential, radial and axial velocity
components (°Vy, ©V, and V), and total pressure (Py), respectively, with respect to the
global coordinate system, relative to a co-rotating datum vortex to the centre of the intake
inlet plane and imposed at the farfield inlet plane of the coupled system (see §[3.2.3)). The
imposition of such boundary conditions generated a vortical flow propagating through
the fan rotor as shown in Fig. [3.35] In addition, a sensitivity analysis regarding the
effect of the aforementioned vortex boundary conditions components on the compressor
performance was carried out within the frame of this research®.,
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(a) Tangential velocity (CVjy) (b) Radial velocity (°V})

(c) Axial velocity (°V;) (d) Total pressure (Pp)

Figure 3.34: Contours of boundary conditions components expressed with respect to the
global coordinate system and relative to the co-rotating datum vortex prescribed at the
farfield inlet plane of the coupled system and aligned with the centre of the intake inlet
plane
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Figure 3.35: Visualization of a co-rotating datum vortex ingested on the coupled system
and aligned to the centre of the intake inlet plane
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3.5 Summary

In this chapter, the computational models, the parameters used to post-process the results
and the boundary conditions implemented into the CFD code to replicate a tightly-wound
vortex have been presented. The key messages relative to this chapter are summarized
below.

* The computational methods applied to the CFD code, i.e. type of simulation, con-
vergence criteria, advection scheme, turbulence modelling have been specified and
described in detail. In particular, the k — @ SST was selected as turbulence model.
Nowadays, this is the most indicated for S-duct flows characterized by adverse pres-
sure gradients.

* The geometries selected from the public domain, including the RAE S-shaped in-
take 2129 and the NASA Rotor 67, and the previous research relative to these ge-
ometries most relevant for the current work have been reported. CFD models rela-
tive to these geometries have been defined and validated against experimental data.
The validation of the CFD domain relative to the RAE S-shaped intake 2129 was
successfull. In particular, the CFD results of the current work predicted the S-duct
flow separation better than previous numerical research carried out by Menzies*?.
On the other hand, the validation of the NASA Rotor 67 was in good agreement

with the experimental data and previous numerical results.

* A purely numerical coupled system S-shaped intake/fan rotor configuration, based
on the two aforementioned geometries, was defined and proposed in this research
to accomplish a sensitivity analysis relative to the effect of inlet flow distortion on
rotor performance (see § 4 and [5))

* The parameters necessary to conduct the numerical investigation of the flow field
of the coupled system as well as to describe the flow distortion at the AIP of it have
been introduced. In particular, new descriptors relative to the swirl distortion were
proposed in this research.

* Finally, the boundary conditions for a tightly wound vortex procedure to implement
as well as the prediction of characteristics relative to a datum vortex considered in
this research have been specified.
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Chapter 4

Coupled system analysis: clean inlet
conditions

Several aircraft for both military and commercial purposes adopt complex shaped ducts
to deliver the far-field flow to the compressor face. The S-shaped intakes are an exam-
ple. As discussed in §[2.2.3] under clean inlet conditions they self-generate total pressure
combined with swirl distortion on the flow field because of the curvature and the diffusion
of the duct itself. As a result, the engine performance changes accordingly. The purpose
of this chapter is to investigate the combined effect of the inlet total pressure and swirl
distortion attributed to an S-duct on the rotor performance. This was accomplished by
analyzing CFD solutions obtained on a purely numerical coupled system S-shaped in-
take/fan rotor configuration defined in this research (see § [3.2.3). In total, fourteen CFD
solutions were carried out, each requiring about three days of calculations by using the
Cranfield University cluster called ASTRAL®®,

This chapter is divided in four sections. Firstly, an analysis of the Reynolds num-
ber effect on the RAE S-shaped intake 2129 scaled up to the size of NASA Rotor 67 is
presented. This was a step necessary to ascertain the validity of the CFD model rela-
tive to the coupled system. The second section presents investigations of CFD solutions
relative to the whole coupled system operating under clean inlet conditions and with the
rotor running at its original design rotational speed (N;). These investigations encompass
the analysis of the S-duct aerodynamics, the description of the flow field at the AIP and
the effect of the S-duct upstream configuration on rotor performance. Similar analyses
are reported in the third section with the rotor operating at 80% N,. Finally, the fourth
section reports a comparison between the results of the coupled system relative to the two
rotational speed investigated.
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4.1 The effect of Reynolds number

As discussed in § [3.2.3] the CFD model of the coupled system introduced in this work
was originated from that defined for the RAE S-shaped intake 2129 and the NASA Rotor
67 (see §[3.2.T]and [3.2.2)). Both of these models were validated against experimental data
available in the literature. On the other hand, the coupled system was a purely numerical
model. This required the physical matching of the S-duct intake outlet diameter of the
RAE S-shaped intake 2129 (D,,;) with the rotor tip inlet diameter of the NASA Rotor
67 (D;). Therefore, it was necessary to scale the intake part up to a scaling factor (SF;,)
of 3.37 (see § 3.2.3). Following this geometrical modification, the flow field of the
S-duct could not be validated against any experimental data. Hence, the validity of this
CFD model was ascertained by investigating the numerical solution of several CFD intake
models. These were obtained by applying on the original intake different scaling factors
up to that required for the coupling, mentioned above. The boundary conditions were
similar to that defined for AGARD HMF test case (see § [3.2.1.1). As a consequence of
the scaling, the Reynolds number calculated at the intake inlet plane increased from 1.6
to 5.4 x 10°, while the mass flow increased from 2.95 to 33.7 kgs_l, which was relatively
close to the mass flow range obtained in this work for the coupled system configuration.

Clearly, the non-dimensional wall distance (y") increased with the scale of the in-
take. For the full scale intake, this value was close to unit on the whole intake wall as
shown in Fig. {1 This result satisfied the wall treatment condition required by the tur-
bulence model k — @ SST. Also, note that the highest values of y* were achieved around
the lip and first bend of the S-duct where the flow acceleration was the highest.

The most important outcome of this analysis was concerning the investigation of the
intake performance as well as the flow distortion calculated at the S-duct outlet plane. As
discussed in §[3.2.3] this location corresponded to the AIP of the coupled system configu-
ration, where the swirl distortion will be calculated. Referring to Fig. 4.2] the normalised
values of pressure recovery (1*), area average of the swirl intensity (SI') (see § |A) and
total pressure distortion parameter (DC,) were calculated at the AIP. The normalization
was carried out by considering the same parameter calculated at the original scale of the
intake (SF,, = 1). As the Reynolds number increased, the thickness of the boundary layer
relative to the scale of the system decreased. Consequently, the flow distortion at the AIP
decreased since it was related to this parameter. Therefore, a slight improvement of the
intake performance was obtained, where the pressure recovery (n*) increased from 0.964
to 0.966. Meanwhile, the total pressure and swirl distortion parameters decreased by 4%
as indicated in Fig. 1.2 Note also that the trends of these reductions were consistent with
that expected for the boundary layer thickness relative to the size of the system.

*Note that to simplify the analysis the spinner of the original intake was scaled up consistently with the
intake wall
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Figure 4.1: Contours of non-dimensional wall distance (y) on the RAE S-shaped intake
2129 scaled up to the tip inlet diameter of NASA Rotor 67 (SF,, = 3.367)
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4.2 Design rotational speed analysis

In this section, the numerical investigations carried out on the coupled system operating
under clean inlet conditions and with the rotor running at its original design rotational
speed (N;) are discussed. Firstly, the boundary conditions specified around the CFD
domain of the coupled system are presented. Then, numerical investigations carried out on
this system are discussed in detail. These include the analysis of S-duct aerodynamics, the
description of the flow field at the AIP, in terms of both total pressure and swirl distortion,
and the effect that the S-duct causes on the rotor performance.

4.2.1 Definition of the CFD boundary conditions

Referring to Fig. [3.28] the following boundary conditions were applied on the CFD
domain of the coupled system.

The total pressure and total temperature imposed at the CFD inlet plane to validate
the datum NASA Rotor 67 configuration (see § [3.2.2.5), were also specified uniformly
at the farfield inlet plane. These correspond to that of the standard atmospheric condi-
tions (Pyj, = 101325 Pa and Tp ;, = 288.15 K). In this manner, the effect on the rotor
performance attributed the S-duct configuration placed upstream of the rotor itself was
quantifiable.

A uniform static pressure field was imposed at the computational rotor outlet plane.
This parameter was gradually changed to obtain the whole rotor speedline between near
stall and near choking operating conditions. These two points corresponded to the condi-
tions where any further increase or decrease of static pressure caused instabilities in the
solution, resulting in a divergence of the CFD solution. Hence, the rotor outlet static to
inlet total pressure (poy/ Py in) ranged between 1.017 and 0.957 from near stall to near
choking, respectively. Note, however, that the near stall operating point obtained from the
calculations of this research was an approximation since steady-state calculations were
performed for this analysis. This approximation was also adopted for all the case studies
investigated in this research.

A uniform static pressure field was imposed at the farfield outlet plane to match
a free stream Mach number (M.,) of 0.21 already considered in AGARD test cases of
the RAE S-shaped intake 2129 (see § [3.2.1.5). For all the case studies relative to the
coupled system, this value was kept the same. In this manner, the flow regime in the
farfield was similar occurring for the ingestion of a ground vortex. This is the type of
vortex considered in the current research, which is normally ingested at low free stream
(or flight) Mach number, when the aircraft is landing or taking-off*>.
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4.2.2 S-shaped intake aerodynamics

In this section, the results relative to the intake performance, the S-duct flow separation
and the internal S-duct aerodynamics of the coupled system with the rotor operating at de-
sign rotational speed (N;) between near stall and near choking conditions, are presented.

4.2.2.1 Intake performance

The intake performance was quantified by means of the pressure recovery (1), defined
in § As the throttle settings changed from near stall to near choking this value
increased from 0.979 to 0.976. As discussed for the validation study of the original intake
(see § [3.2.1.5), this change was attributed to the change in mass flow, which will be

analyzed in § #.2.4

4.2.2.2 Description of the S-duct flow separation

The S-duct flow separation relative to the self-generated distortion was investigated by
means of the skin friction coefficient (Cy) with the streaklines on the starboard side of
the intake wall with the rotor operating near stall and near choking conditions and 100%
N as shown in Fig. @.3(a)land [4.3(b)] respectively. Regardless of the operating condi-
tions, the skin friction coefficient (Cy) reached the highest values at the first bend of the
duct due to the high flow acceleration occurring in that zone, already observed for the
validation of the intake at original scale (see §[3.2.1.5)). Then, the S-duct flow separation
occurs for a relatively width axial range. This remained essentially symmetric within the
rotor operability range as expected for an isolated intake (see § [2.2.2)). Consequently, the
characteristics of the duct separation along the axial direction could be estimated by con-
sidering the trend of the skin friction coefficient (Cy) along the starboard edge (¢ = 07)
as shown in Fig. for near stall and near choking conditions. By moving towards
the AIP, the skin friction coefficient (Cy) exhibited two minimum values. The first and
second value corresponded to the onset of separation and point of reattachment, located
at 0.7 and 0.2 - z/L upstream of the rotor face, respectively. Clearly, their relative distance
corresponds to the axial extent of separation. As a result, no significant change of the duct
separation characteristics were registered within the rotor operability range. This result
is also in agreement with that of the pressure recovery (1) which remained essentially

unchanged (see § 4.2.2.1)).

4.2.2.3 Internal duct aerodynamics

The S-duct aerodynamics were investigated by considering the flow topology on crossflow
planes distributed throughout the S-duct itself indicated in Fig. [3.29] These planes were
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located where the S-duct flow separation was well developed. In this manner, the whole
separation could be also monitored in the transversal direction. As discussed in §
and [{.2.2.2] the S-duct flow field remained unchanged with the rotor operability range.
Therefore, the internal S-duct aerodynamics was investigated only for a mean value of the
rotor outlet static to inlet total pressure (pou/Po.in) 0of 0.987 as shown in Fig.

As a result, between Plane 1 and Plane 4 (Fig. #4.4(a)l— [{.4(d)) the separation
developed symmetrically as expected also for an isolated intake (see § [2.2.2). At the
Plane 5 (Fig. [.4(e)), placed downstream of the reattachment point (see Fig.
the streamlines tend to deviate from the center of the plane because of the presence of
the spinner placed immediately downstream. Moreover, the two counter-rotating vortices
normally occurring in the separation region are no longer symmetric, as expected for
an isolated intake (see § [2.2.2)). Finally, at the AIP (Fig. [.4(f)), the flow topology
changes up to a configuration where only the counter-rotating vortex exists. A similar
trend could be obtained by superimposing a centered uniform bulk swirl to the flow field
at the duct outlet expected for an isolated intake. Therefore, it was thought that the rotor
introduced a centered bulk swirl in the flow field of the S-duct. Also, at the same plane
and at the opposite circumferential direction of the flow separation the direction of the 2D
streamlines was irregular. This phenomena was attributed to the transonic disturbances
propagating upstream of the rotor face itself.
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Figure 4.3: Contours of skin friction coefficient (Cr) with streaklines (black) at the star-
board side of the intake wall with rotor operating at 100% N, (a) near stall and (b) near
choking and (c) the relative distribution along the starboard edge (¢ = 0?)
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P’ " N

(a) Plane 1 (z/s =5.697 or z/L = (b) Plane 2 (z/s = 4.583 or z/L = (c) Plane 3 (z/s =3.464 or z/L =
0.611) 0.49) 0.371)
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(d) Plane 4 (z/s =2.345 or z/L = (e) Plane 5 (z/s = 1.226 or z/L = (f) AIP (z/s = 0.107 or z/L =
0.251) 0.131) 0.0115)

Figure 4.4: Front view of 2D streamlines on cross flow planes defined in the intake of the
coupled system for different axial locations with respect to that of the rotor face and with
rotor operating at 100% N, and p,,,; / Poin = 0.987
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4.2.3 Flow field description at the AIP

As already discussed in § [I] the total pressure and swirl distortion attributed to an S-duct
such as that of the coupled system proposed in this work (see § are comparable
and, therefore, one could not be neglected with respect to the other. In this section, the
description of both total pressure and swirl distortion calculated at the AIP are presented.

4.2.3.1 Total pressure distortion

The total pressure distortion at the AIP of the coupled system was investigated by con-
sidering the distribution of non-dimensional total pressure (Fy) and the values of total
pressure distortion parameter (DCg), defined in §[3.3.7|and [3.3.1] respectively. Figures
¥.5(a)land {4.5(b)| show the contours at the AIP of non-dimensional total pressure (F;)
for near stall and near peak efficiency operating points, respectivelym Essentially, the
extent of the total pressure distortion remained unchanged within the rotor operability
range. Moreover, the total pressure distortion parameter (DCgg) between near stall and
near choking operating points increased from 0.273 to 0.284. This change was essentially
related to that of the mass flow, which will be discussed in §[4.2.4] In these conditions, the
total pressure distortion level was above that recommended for engine designs®’. There-
fore, the total pressure distortion could significantly contribute with the swirl distortion to
the change of rotor performance.

4.2.3.2 Swirl distortion

As discussed in § {.2.2.3] the flow topology in the cross flow direction becomes more
and more asymmetric as the flow moves towards the AIP. As a result, the vorticity pattern
was unbalanced within the rotor operability range as shown Fig. [4.6] This outcome was
more notable by considering the trend of the magnitude of positive and negative peaks
of non-dimensional streamwise vorticity (a)z t ak and |a)z* p_e ak ), defined in § [3.3.5] within
the rotor operability range as shown in Fig. @

Finally, it could have been interesting to compare at a constant intake inlet Mach
number the total pressure and swirl distortion of the coupled system with respect to that
of the same configuration, but without the presence of rotor blades downstream of the
duct itself (pure S-duct configuration). However, for the rotational speed investigated in
this section this comparison could not be carried out due to the action of the rotor blades
to increase the mass flow of the system. In fact, the minimum intake inlet Mach number
reached in the coupled system configuration (M;, = 0.638) was 4.6% higher than the

"Note that all of the contours at the AIP presented in this work are plotted from the point of view of an
observer facing downstream of the system
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maximum value achieved in the pure S-duct configuration (M;, = 0.610).
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Figure 4.5: Contours of non-dimensional total pressure (F;) at the AIP of the Coupled
system with rotor operating at 100% N,
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4.2.4 S-duct effect on rotor performance

A comparison of the global performance of the rotor operating with an S- and an annular
upstream duct geometry, relative to the CFD domains of the coupled system (§[3.2.3) and
the datum NASA Rotor 67 configuration (§ [3.2.2), respectively, was carried out. Figures
M. 7(a) and [4.7(b)| show the pressure ratio (PR) and isentropic efficiency (1);;), respec-
tively, versus the rotor corrected mass flow (Eq. and for both of the aforementioned
configurations with the rotor operating at its original design rotational speed (Ny).

Wcor:W'\/TO,I/Tref/<PO,1/Pref) (41)

Compared to the datum NASA Rotor 67 configuration (see §[3.2.2.3), the near stall
operating points of the coupled system was found at higher corrected mass flow (W,,,).
As a consequence, the rotor operability range reduced significantly. Moreover, the cor-
rected mass flow (W,,,), pressure ratio (PR) and isentropic efficiency (7;) along the rotor
operability range were significantly reduced. These reductions were quantified by com-
paring the numerical solutions of the two aforementioned configurations at constant throt-
tle setting condition. This was quantified with the rotor outlet non-dimensional mass flow
(NDMF), calculated relatively to station 2 of the NASA Rotor 67 (see §[3.2.2.2) as given

in Eq. §.2]

1o

W
NDMF, = 4.2)

5%}

Referring to Fig. the comparison was carried out between the near stall operat-
ing point of the coupled system (§100) and the operating point of the datum NASA Rotor
67 configuration A100 such that NDMF) a100 = NDMF, s100. As a result, the corrected
mass flow (W,,,), pressure ratio (PR) and isentropic efficiency (7)) reduced by 1.55, 3.33
and 3.78%, respectively. These reductions were related to that of the total pressure and
swirl distortion calculated between the aforementioned configurations at the AIP. Clearly,
for the datum NASA Rotor 67 configuration, the total pressure distortion could be ne-
glected with respect to that attributed to the coupled system (see § 4.2.3.1)). Therefore, the
change of total pressure distortion between the two aforementioned operating points cor-
responded directly to that calculated for the coupled system (see § 4.2.3.1). On the other
hand, the swirl distortion associated to the datum NASA Rotor 67 configuration could not
be neglected due to the presence of transonic rotor disturbanceﬂ

#The analysis of rotor disturbances is part of the methodology assessed to determine the location of the
AIP for swirl distortion (see §
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Figure 4.7: Global performance versus corrected mass flow (W,,,) relative to the datum
NASA Rotor 67 and coupled system configurations with rotor operating at 100% Ny
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Hence, the change in swirl distortion was analyzed in terms of swirl angle and
relative axial velocity change (Ao and AV, %), respectively, calculated between the two
operating points $100 and A100 at the AIPEl as shown in Fig. [4.8(a)land 4.8(b). Note
that two representative blades placed where the swirl angle change (Ax) reaches high
magnitude in the counter- and co-rotating direction, blade 5 and blade 8, respectively, are
also indicated.

20 -15 -10 -60-50-40-30-20-10 0 10 20 30 40 50 60
' : : B . oaaaaa.

(a) Swirl angle change (A) (b) Relative axial velocity change (AV;%)

Figure 4.8: Contours of the (a) swirl angle and (b) relative axial velocity change (Ao and
AV, %) at the AIP calculated between the operating points A100 and 5100

Along the spanwise direction, two regions of the swirl angle change (Ac), one
highly positive and one highly negative, were observed at the AIP (Fig. [4.8(a)). These
were located near the hub and near the tip. Near the hub, the impact of the flow with
the spinner generates of a swirl component of velocity. Meanwhile, near the tip high
swirl angle changes are due to the presence of the self-generated distortion. These two
phenomena manifest symmetrically and, therefore, a co- and a counter-rotating region of
high swirl angle were identified along the circumferential direction.

As a consequence of the swirl angle change combined with that of the total pressure
at the AIP, the axial velocity adjusts itself in order to match the outlet conditions as shown

$Note, however, that the CFD meshes defined for the two aforementioned configurations were different.
Therefore, the calculation of relative changes of flow quantities at the AIP could be accomplished by using a
common polar 2D grid defined in Matlab. This presented a resolution of 400 intervals uniformly distributed
along both the radial and circumferential direction.
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in Fig. Referring to the swirl angle change (A«), the counter- and co-rotating
zones are subjected to an increase and decrease of the Mach number relative to the rotor
(M,.), respectively. Therefore, the blades within the counter-rotating region are lightly
loaded, while those in the co-rotating region are highly loaded. The relative Mach number
(M,.;) was investigated at 5 and 95% of blade span as shown in Fig. [4.9]and H.10]
Referring to Fig. [4.8] these locations correspond to where the swirl distortion reaches the
highest values. Compared to the operating point A100, the flow velocity of the rotor at
the operating point S100 increases in the counter-rotating region located at 5% of blade
span. Consequently, a shock wave occurs at the leading edge by causing an increase of
rotor loss as shown in Fig. [.9(b)l This is related to the reduction of the rotor isentopic

efficiency (1;5) shown in Fig.

Referring to Fig. [.11] the streaklines on the suction and pressure side of blade
5 and blade 8 relative the coupled system operating at S100 were compared with that
relative to a generic blade of the datum NASA Rotor 67 configuration operating at A100.
As compared with the streaklines relative to the pressure side of a generic blade operating
at A100 (Fig. @.TI(a)), that of the blade 5 operating at 100 shows a stronger separation
bubble. This takes place throughout the second half of the blade span as shown in Fig.
M.TI(b)l This is essentially caused by a more intense passage shock wave notable in Fig.
Therefore, more loss are introduced into the rotor. On the other hand, the hub corner
stall normally occurring on the blade suction side disappears due to the large separation
induced by the shock wave visible in Fig. {.9(b)]

Regarding the co-rotating distorted region, the comparison of the streaklines relative
to the pressure side of a generic blade operating at A100 (Fig. with that of
the blade 8 operating at S100 shows that the separation normally occurring near the tip
disappears as shown in Fig. This is due to the reduction in relative Mach number
(M) occurring in that region (Fig. H.I0(b)). As a consequence, the strength of the
shocks upstream of the rotor face are lower. On the other hand, by considering the blade
suction side, the comparison of the streaklines on the blade 8 (Fig. and a generic
blade operating at A100 (Fig. shows that the line of separation, attributed to the
presence of a passage shock normally occurring under clean inlet conditions, disappear on
the coupled system configuration while the hub corner stall becomes less extended along
the span direction.
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torted region at the operating point S100 (S-duct upstream configuration)
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Rotational direction —

Streamwise direction — Streamwise direction —
(a) Rotor operating point A100 (b) Rotor operating point S100
Figure 4.10: Contours of relative Mach Number (M,,;) at 95% of blade span compared

between the operating point A100 and the main distorted region at the operating point
S100
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243

(a) Operating point A100, pressure (b) Operating point S100, pressure (c) Operating point 100, pressure
side of generic blade side of blade 5 side of blade 8

2AA

(d) Operating point A100, suction (e) Operating point S100, suction (f) Operating point S100, suction
side of a generic blade side of blade 5 side of blade 8

Figure 4.11: Visualization of blade streaklines on both pressure and suction side for a
generic blade of the datum NASA Rotor 67 configuration operating at A100 and the 5"
and 8'” blade of the coupled system operating at S100 (streamwise direction from left to

right)
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4.3 Reduced rotational speed analysis

As discussed in § {.2.4] the operability range of the rotor running at its design rotational
speed (N;) reduced significantly when mounted on the coupled system. Consequently,
the effect of the throttle setting on the flow field of the coupled system could not be
observed. For this reason, similar analyses were carried out at a 80% N, . This value was
still sufficiently high to be considered within the typical operability range of the fan rotor.
In this section, the aerodynamics of the S-shaped intake, the flow description at the AIP
and the effect of the S-duct on the rotor performance are discussed.

4.3.1 Definition of the CFD boundary conditions

The boundary conditions applied for this analysis were similar to that defined in §
Clearly, the only difference was relative to the range of the rotor outlet static to inlet total
pressure (pou: /Po,in). Hence, to obtain the whole rotor speedline between near stall and
near choking conditions, this value ranged then between 1.051 and 0.888, respectively.

4.3.2 S-Shaped intake aerodynamics

As will be presented in § B.2.4] the corrected mass flow of the rotor (W,,,) ranged within
a 6.315% with respect to its value at the choking conditions (W, = 30.501 kgs™h.
As result, changes in the S-duct aerodynamics were notable within this range and are
presented below.

4.3.2.1 Intake performance

As the rotor operability changed from near stall to near choking, the intake performance
remained essentially unchanged since the pressure recovery (1) reduced from 0.991 to
0.990. These values were very close to the unit, by indicating already that the intake
performance should not affect significantly that of the rotor placed downstream.

4.3.2.2 Description of the S-duct flow separation

Compared to the design rotational speed analysis (see § 4.2.2.2), as the mass flow in-
creases the changes of characteristics of the self-generated distortion occurring within
the duct were notable. As compared with the design rotational speed analysis (see § [6.2)),
the separation pattern remains essentially symmetric within the rotor operability range, al-
though the rotor disturbances were more pronounced. The characteristics of the separation
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at near stall and near choking conditions were estimated by considering the distribution of
the skin friction coefficient (Cy) along the axial direction at the starboard edge (¢ = 0°) as
shown in Fig. By moving towards the AIP, the skin friction coefficient (Cy) ex-
hibited two minimum values. At the first value corresponded the onset point of separation
while at the second value corresponded the point of reattachment. Clearly, their relative
distance defined the separation length. The point of separation moved backwards as the
operating condition changed from 0.5 to 0.56 - z/L, between near stall and near choking,
respectively. On the other hand, the axial location of the reattachment point (0.24 - z/L)
was almost independent of the throttle setting. However, a small change of this location
occurred. This could be related to the rotor disturbances propagating upstream of the rotor
itself. Referring to Fig. f.12(a)land [4.12(b)|these disturbances were more predominant
near stall operating conditions.
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Figure 4.12: Contours of skin friction coefficient (Cy) with streaklines (black) at the

starboard side of the intake wall with rotor operating at 80% N, (a) near stall and (b) near
choking and (c) the relative distribution along the starboard edge (¢ = 0?)
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4.3.2.3 Internal duct aerodynamics

As observed for the design rotational speed analysis (see § 4.2.2.3), the flow topology into
the duct was asymmetric due to the presence of the bulk swirl introduced by the rotor in
the flow field of the duct itself. This condition was notable from z/s = 1.226 upstream
of the rotor face. On the other hand, by considering the rotor operating at 80% N, the
asymmetry of the internal duct aerodynamics was notable only at the AIP. Hence, changes
in flow topology were observed at this location at near stall and near choking operating
conditions as shown in Fig. [.13(a)land H{.13(b), respectively. The main differences
in flow topology were localised near the intake wall, where the flow relative to the rotor
was essentially transonic. Therefore, the change in throttle settings determined that of the
shock wave characteristics.

(a) Near stall (b) Near choking

Figure 4.13: Visualization of 2D streamlines at the AIP of the coupled system configura-
tion with rotor operating at 80% Ny
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4.3.3 Flow field description at the AIP

In this section, both the total pressure and swirl distortion at the AIP of the coupled system
configuration are discussed.

4.3.3.1 Total pressure distortion

Figures @.14(a)land @.14(b) show the pattern of non-dimensional total pressure (F;) at
the AIP with rotor operating at near stall and near choking respectively. As the rotor oper-
ability changed from near stall to near choking conditions, the extent of the total pressure
distortion remained essentially unchanged. Meanwhile, the total pressure distortion pa-
rameter (DCgp) increased from 0.105 to 0.124. Clearly, this change was attributed to the
intensification of the self-generated distortion with the mass flow. Also, within this range,
the DCgy was below the limit value recommended for aircraft design®”. Nevertheless,
the effect of the total pressure distortion on the rotor performance could not be quantified
since occurred simultaneously with the swirl distortion.

4.3.3.2 Swirl distortion

To account for the swirl distortion at the AIP the pattern of non-dimensional streamwise
vorticity (@]’) was analyzed (Fig. |4.15(a)|and {4.15(b)). The self-generated distortion was
characterized by two peaks of vorticity, one negative and one positive. As discussed for
the design rotational speed analysis (see § 4.2.3.2)), these two vorticities are not identical
probably due to the influence of bulk flow field introduced by the rotor on the flow field of
the S-duct itself. This influence reduces as the throttle settings change from near stall to
near choking and, as a result, the flow field tends to become again symmetric as expected
for an isolated rotor (see § [2.2.2)). This discrepancy was quantified between the stall and
choking point with the change of the absolute peak values of positive and negative non-
dimensional streamwise vorticities (a);;; 4 and ]a);;e ) as shown in Fig. |4.15(c)l This

was manifested by an increase of the positive peak vorticity ((02 e i)

while the negative

peak vorticity (a)z*’p_e ) remained relatively constant. This change, combined with that
relative to the total pressure distortion was related to the change in rotor performance

with the throttle settings presented in the next section.

For the rotational speed investigated in this section, the level of mass flow was suf-
ficiently low to make possible a comparison at a constant intake inlet Mach number (M;,)
the flow distortion of the coupled system with respect to that of the same configuration,
but without the presence of rotor blades downstream of the duct itself (pure S-duct config-
uration). Hence, for a mean operating point of the coupled system operating at 80% of the
design rotational speed and such that M;, = 0.506, the total pressure distortion parameter
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(DCgp) increased significantly from 0.118 to 0.128 as the rotor blades were removed from
the system. Meanwhile, the mean value of non-dimensional streamwise peak vorticity
(w}) decreases significantly from 2.75 to 1.99. These results confirm that the presence
of the rotor blades downstream of an S-duct change significantly the level of distortion at
the AIP and, therefore, have to be accounted onto the CFD model.
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Figure 4.14: Contours of non-dimensional total pressure (Fy) at the AIP of the Coupled
system with rotor operating at 80% N,
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4.3.4 S-duct effect on rotor performance

To quantify the effect of the S-duct on the rotor performance at 80% of the rotor design ro-
tational speed (N,;), CFD simulations were also performed for this rotational speed within
the whole operability range on the datum NASA Rotor 67 configuration. For these cases,
the boundary conditions imposed around this CFD domain were similar to that presented
in § The only difference was relative to the values of rotor outlet static to inlet
total pressure (pou/FPo,in) Which varied between 1.125 and 0.437, corresponding to near
stall and near choking operating conditions, respectively. Figures [4.16(a)and 4.16(b)|
show the rotor pressure ratio (PR) and isentropic efficiency (n;s) versus corrected mass
flow (W,,,) for datum NASA Rotor 67 and coupled system configurations and with the
rotor operating at 80% N,;. Overall, the operating speedline obtained for the coupled sys-
tem approaches significantly that of the datum NASA Rotor 67 configuration. This was
in agreement to the values of pressure recovery (1)) which were very close to unit (see
§@4.3.2.1). Also, the mass flow blockage associated with the distortion presented a minor
effect on the rotor performance.

A direct comparison of the rotor performance between the two aforementioned con-
figurations was conducted in a similar manner already presented in §[4.2.4] Hence the near
stall operating point of the coupled system ($80) was compared to the operating point of
the datum NASA Rotor 67 configuration (A80) such that NDMF, 430 = NDMF, sg (see
Fig. [@.16).

Compared to the rotor speedline of the datum NASA Rotor 67 configuration, the
near stall operating point for the coupled system (A80) occurred at a higher corrected
mass flow (W,,,). As discussed in § {.2.4] this was due to the combination of the total
pressure and swirl distortion occurring at the AIP. Regarding the swirl distortion, this
outcome was related to the distribution of swirl angle combined with that relative to the
axial velocity change (Ao and AV,%) shown in Fig. |4.17(a)|and {4.17(b)| respectively.

An internal analysis on the turbomachinery was carried out by considering the rel-
ative Mach number (M,,;) at constant blade span and for the two aforementioned config-
urations. Compared to the same analysis carried out at the design rotational speed (Ny),
the impact of the spinner at low blade span (i.e. 5%) was not such relevant. Meanwhile,
the highest change in swirl angle combined with that of the axial velocity was concen-
trated near the tip of the rotor, where the self-generated distortion occurs. Hence, the
flow field into the rotor was observed only at 95% of blade span. The analysis considered
the comparison of the relative Mach number (M,,;) between the datum NASA Rotor 67
and coupled system configurations as shown in Fig. [.18(a)land [.18(b)l As discussed
in § 4.2.4] a localized overloading of blades placed in the counter-rotating region of the
self-generated distortion occurs as shown in Fig.
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Referring to Fig. [A.19] both pressure and suction side of a generic blade of the
datum NASA Rotor 67 and the blades 5 and 8 of the coupled system configuration were
investigated by considering the surface streaklines. For both blade 5 and 8 of the coupled
system (located in the counter- and co-rotating distorted region), the separation region on
the pressure side of the blade was as limited as observed for clean inlet conditions (Fig.
K. 19(a), #.19(b) and @.T9(c)). On the other hand, the suction side changed according to
the blade considered. In particular, a separation line due to the presence of the the shock
wave shown in Fig. [{.18(b) occurred close to the tip region of the blade 5. Consequently,
the isentropic efficiency (7);;) reduced.

Referring to Fig. by moving towards near choking conditions, both the
pressure ratio (PR) and isentropic efficiency (7;s) of the coupled system were lower with
respect to that of the datum NASA Rotor 67 configuration. This outcome was attributed
to the increase in total pressure and swirl distortion with the throttle setting, presented in
§[4.3.3.T]and [4.3.3.2] respectively. However, portions of the change of rotor performance
attributed to each types of the aforementioned flow distortion could not be quantified.
Meanwhile, the corrected mass flow reduces by indicating that the level of separation
increases.

-30 -20 -10 0 10 20 30

[ —
(a) Swirl angle change (Ax) (b) Relative axial velocity change (AV,%)

Figure 4.17: Contours of the (a) swirl angle and (b) relative axial velocity change (A«
and AV,%) at the AIP calculated between the operating points A80 and S80
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Figure 4.18: Contours of relative Mach Number (M,,;) at 95% of blade span compared
between the operating point A80 and the main distorted region at the operating point S80
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(a) Operating point A80, pressure (b) Operating point S80, pressure (c) Operating point S80, pressure
side of blade 5 side of blade 8

side of generic blade

224

(d) Operating point A80, suction (e) Operating point S80, suction (f) Operating point S80, suction
side of blade 5 side of blade 8

side of generic blade

Figure 4.19: Visualization of blade streaklines on both pressure and suction side for a
generic blade of the datum NASA Rotor 67 configuration operating at A80 and the blade
5 and blade 8 of the Coupled system operating at S80 (streamwise direction from left to

right)
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4.4 Comparison of different rotational speeds solutions

In this section, a comparison of the numerical solutions discussed in § and @ 1.e.
relative to the coupled system configuration with the rotor operating at 100% and 80% of
the original rotor design rotational speed (IVy), respectively, is presented. This comparison
encompass the analysis of the S-shaped intake aerodynamics, the flow field description
at the AIP and the change in rotor performance caused by the presence of the S-duct
upstream configuration. This change was quantified with numerical correlations obtained
between the loss of stability pressure ratio and the swirl distortion level.

4.4.1 S-shaped intake aerodynamics

As the rotational speed increased, the onset point of separation moved backwards while
the point of reattachment moved forwards. By considering the operating points character-
ized by the lowest and highest rotor corrected mass flow, the pressure recovery reduced
from 0.991 to 0.976. Meanwhile, the length of separation increased from 0.25t0 0.5-z/L.
This change reflected on that relative to the mass flow redistribution observed at the AIP
as shown in Fig. [.20] The increase of both rotational speed and mass flow caused a
change of mass flow redistribution. Clearly, this change determined in turn a change in
loading relative to each rotor blades.

2.679e-04
2.511e-04
P 2.344e-04
P 2.176e-04
P 2.009e-04
F 1.842e-04

- 1.674e-04

: 1.507e-04
1.33%e-04
‘ 1.172e-04

1.005e-04
] F 8.371e-05

- 6.697e-05
) 5.023e-05
3.348e-05
1.6748-05

0.000e+00

(a) Near stall, 80% N, (c) Near choking, 100% N,

Figure 4.20: Contours of local to total mass flow at the AIP of the coupled system con-
figuration
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4.4.2 Flow field description at the AIP

In this section, a comparison relative to both the total pressure and swirl distortion be-
tween the two rotational speed investigated is discussed.

4.4.2.1 Total pressure distortion

Referring to Fig. the increase of rotational speed from 80% to 100% N, was
clearly accompained with an increase in corrected mass flow (W,,.). Hence, between
the near stall operating point at 80% and the near choking operating point at 100% N,
the total pressure distortion parameter (DCgg) increased from 0.105 to 0.284. Within this
range, total pressure distortion reached values where its contribution to the change of rotor
performance are considered significant®”. However, the effect of this type of distortion
could not be quantified since in the current research occurred simultaneously with the
swirl distortion.

4.4.2.2 Swirl distortion

The comparison of the swirl distortion between the two rotational speed investigated was
carried out by considering a unique number at the AIP. As discussed in § and
the vorticity pattern at the AIP of the coupled system results asymmetric due to
the bulk swirl introduced by the rotor placed downstream of the intake itself. Hence,
an indication of the swirl distortion was represented by the arithmetic average of peak
streamwise vorticity (@7,,,4,)- This parameter was defined as the arithmetical average of
the magnitude of the peak positive and negative non-dimensional streamwise vorticities

*,+ *,— . .
(@ and @7 [) as given in Eq.

*,+ *,—
' = |
z,peak z,peak
O ypean = 5 4.3)

Figure [4.21(b)|shows the trend of this parameter with the corrected mass flow (We,,)
and for the two rotational speed investigated. As observed for the total pressure distortion
a large jump of this parameter is observed between the two rotational speed investigated.
This confirms that even the swirl distortion does not change linearly. Therefore, for the
intake configuration analyzed both total pressure and swirl distortion were related each
other.
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4.4.3 S-duct effect on rotor performance

A comparison of the change of rotor performance for the two rotational speed was carried
out by considering the loss of stability pressure ratio (APRS) defined at constant rotational
speed (see §[3.3.9). Referring to Table [.1] this value was calculated for the two rota-
tional speed investigated. Moreover, the swirl distortion was quantified at the AIP with
a unique number. For this purpose, two parameters were proposed. They were the mass
flow average of the magnitude of the relative flow angle change (|m|) and the arithmetic
average non-dimensional peak streamwise vorticity (@7 ,,4,)-

Rotational speed DCgy |AB] | O pean]  APRS%
80% Ny 0.11 3.82 2.38 3.52
100% N4 0.27 3.51 5.38 14.4

Table 4.1: Loss of stability pressure ratio (APRS) and parameters for total pressure and
swirl distortion with the rotor operating at 80 and 100% N,

According to the mass flow average of the magnitude of the relative flow angle
change (JAB|), the swirl distortion level remained almost constant while the loss of sta-
bility pressure ratio (APRS) increased up to 4.1 times as the rotational speed increased
between 80% and 100% N;. On the other hand, by considering the arithmetic average of
non-dimensional streamwise peak vorticity (®7,,,,,), the swirl distortion increased and
in the same manner of the total pressure distortion. This information was more realistic
than that provided by \m\ since an increase of streamwise vorticity implies an increase
of the swirl distortion level. Moreover, by following practical recommendations®”, the
total pressure distortion reached at 100% N,; could no longer be neglected. Therefore, it
was concluded that for the coupled system proposed in this work a possible correlation
between the loss of stability pressure ratio and the flow distortion would generally require
the knowledge of both total pressure and swirl distortion.
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4.5 Summary

In this chapter, an investigation of the Reynolds number effect carried out to ascertain the
validity of the CFD solution on a purely numerical coupled system S-shaped intake/fan
rotor configuration, defined in this research, have been presented. Then, numerical inves-
tigations on the whole coupled system operating under clean inlet conditions and for two
rotational speeds defined within the typical range of operability of the fan rotor have been
reported. The main findings relative to this chapter are summarized below.

1. Both the total pressure and swirl distortion occur simultaneously at the AIP of the
coupled system configuration. Referring to the swirl distortion only, the flow pattern
is characterized by the presence of a region where the blades are highly loaded.
This causes the rotor to stall at a higher mass flow with respect to that relative to the
datum NASA Rotor 67 configuration (annular duct configuration). Consequently,
the rotor operability range reduced significantly. Also, the flow separation occurs
along the whole speedline by causing a mass flow blockage.

2. As the rotor operability changes from near stall to near choking conditions, the
self-generated distortion tends to re-balance towards a symmetric paired swirl con-
figuration such as that relative to an isolated intake, presented in § As result,
the overall swirl distortion level increases. This change was notable at reduced ro-
tational speed analysis where the pressure ratio and corrected mass flow reduced
with respect to that of the datum configuration of the original rotor.

3. Loss of stability pressure ratio and inlet swirl distortion at the AIP were calculated
for the two rotational speed investigated. In particular, the inlet swirl distortion
was quantified by means of the mass flow average of the magnitude of the relative
flow angle change (|m|) and the arithmetic average of non-dimensional stream-
wise peak vorticity (@7,,..,). According to the first parameter, the swirl distortion
remained essentially constant as the rotational speed increased between 80% and
100% N,, while the loss of stability pressure ratio increased significantly. Instead,
according to the second parameter, the swirl and total pressure distortion increased
simultaneously. Following practical recommendations®”, the total pressure distor-
tion reached at 100% N, could no longer be neglected. Therefore, it was concluded
that for the coupled system proposed in this work a possible correlation between
the loss of stability pressure ratio and the flow distortion would generally require
the knowledge of both total pressure and swirl distortion.
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Chapter 5

Coupled system analysis: vortex
ingestion

As discussed in §[2.2.4] previous research was also focused on the investigation of the flow
field within an S-duct operating with a prescribed vortex ingested at the inlet. However,
no studies have been carried out to analyse the effect on compressor performance caused
by the self-generated distortion of an S-duct combined with that attributed to an ingested
tightly wound-vortex. Instead, this is one of the aim achieved in this work and discussed
in this chapter.

As compared with the numerical investigations of the coupled system already pre-
sented in § 4 for clean inlet conditions, this chapter reports the same analyses by consid-
ering also the ingestion of a tightly-wound vortex at the CFD inlet plane. In total, one
hundred CFD solutions were obtained, each requiring about three days of calculations by
using the Cranfield University cluster called ASTRAL®®. In the first section, an analy-
sis on the effect of vortex characteristics on rotor performance, conducted at the original
design rotational speed of the rotor (N;) is reported. This include the effect of vortex
location and polarity as well as that of the vortex maximum swirl velocity and size. On
the other hand, the second section reports the analysis relative to the effect of throttle
setting. Due to the change of rotor operability when mounted under the coupled system,
this analysis was feasible only by considering the rotor operating at 80% N, investigated
in the previous chapter. For these case studies, numerical correlations relating the loss
of stability pressure ratio with the swirl distortion are also presented. These correlations
were calculated with respect to the datum NASA Rotor 67 configuration and considered
also the results obtained under clean inlet conditions presented in § [4.4.3]



134 Coupled system analysis: vortex ingestion

5.1 The effect of vortex characteristics

In this section, a sensitivity analysis of the vortex characteristics on the flow field of
the coupled system is presented. Firstly, the CFD boundary conditions for all of the
combinations of case studies are specified. Then, numerical investigations including the
analysis of the S-shaped intake aerodynamics, the flow field description at the AIP and
the change of rotor performance are reported. Note that for each type of investigation the
results are presented by considering separately the effects of vortex location and polarity
with respect to that of the vortex maximum swirl velocity and size. In particular, the effect
of vortex location and polarity is presented relatively to the vortex 1 (datum), defined in
the next section.

5.1.1 Definition of the CFD boundary conditions

The analysis of the effect of vortex characteristics on rotor performance was investigated
with the rotor operating at its original design rotational speed (N; = 16043 RPM) defined
in §[3.2.2] In total, three tightly-wound vortices were defined and their characteristics are
listed below.

* Vortex 1. This corresponds to the datum vortex defined for this research and its
characteristics are presented in §[3.4.2]

* Vortex 2. Compared to vortex 1, the maximum local circumferential velocity (“Vj)
was doubled while the vortex core radius (r.) and the axial velocity excess ratio
(AV},,) remained constant. According to the analytical model used in this research
to define the vortex circumferential velocity (see § [B.1), this vortex was obtained
by doubling the vortex circulation, i.e. the vortex circulation (I'), with respect to
that of vortex 1.

* Vortex 3. Compared to vortex 1, the vortex core radius (r.) was doubled while
the maximum local circumferential velocity (“Vp) and axial velocity ratio (AVZfex)
remained constant. According to analytical model used in this research to define the
vortex circumferential velocity (see § [B.I)), this vortex was obtained by doubling
both the vortex circulation (I') and the vortex core radius (r.).

Referring to the coordinate system localized at the vortex centre introduced in
$ the distributions of the circumferential velocity (LVg) along the radial location
(br) for the three vortices specified above is shown in Fig. On the other hand, the
numerical values of characteristics for these vortices are listed in Table [5.11



5.1 The effect of vortex characteristics 135

350 . !
' . —Vortex 1
—Vortex 2

300 ' : : —Vortex 3|

250

200

Ly, [ms_l]

150

100

50

0 002 004 006 008 0.1 0.12 014 0.16 018 02 022 0.24
Er [m]

Figure 5.1: Local tangential velocity (“Vy) versus the radial location from the vortex
centre (Lr)

Vortex characteristic Vortex1 Vortex2 Vortex3

r 25.8 51.6 51.6
r. 6%-Diyy 6% -Di 12%-Djy
n 1 1 1
AV* 0.5 0.5 0.5

Table S.1: Characteristics of the tightly-wound vortices ingested into the coupled system

Referring to Fig. [3.21] the following boundary conditions were imposed on the
CFD domain of the coupled system. The aforementioned vortices were prescribed at the
farfield inlet plane, by following the procedure defined in § [3.4.1] and for five different
locations. These were aligned with the centre of the intake inlet plane (FP¢), and the
starboard, bottom, port and top edges (Ps, Pp, Pp and Pr, respectively) as indicated in
Fig. For each vortex location the two of possible vortex polarities, were investigated.
Hence, a total of thirty case studies were investigated.
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Figure 5.2: Visualization of the vortex locations at the farfield inlet plane of the coupled
system CFD domain

As already discussed in § 4.2.4] the S-duct configuration upstream of the rotor oper-
ating at its design speed caused a significant reduction of the rotor operability. Therefore,
the rotor outlet static to inlet total pressure (pu/Fo.in) Was kept constant to a mean value
of 0.987 for all of the case studies. This value corresponded to an operating point found
at the middle of the rotor speedline of the coupled system operating under clean inlet
conditions (see Fig. [4.7). Consequently, the throttle setting condition was not remaining
constant between the ingested cases and therefore a direct comparison of the case studies
could not be accomplished. However, the changes relative to the clean inlet conditions
were relatively small and are presented in § [C|

The ’free-slip wall’ boundary condition was imposed at the farfield wall to avoid
the generation of a boundary layer and, then, its influence on the flow of the farfield zone.
Finally, a uniform static pressure field was imposed at the farfield outlet plane in a similar
manner already discussed in § [4.2.1]
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5.1.2 S-shaped intake aerodynamics

As a vortex was prescribed at the farfield inlet plane of the CFD domain of the cou-
pled system, it travelled towards the intake and then was ingested into it. According to
the combination of intake size and mass flow range of the system, a contracted capture
streamtube was defined upstream of the intake inlet plane. Within this zone, a generic
vortex was subjected to a stretching due to the streamtube contraction ratio. Meanwhile,
vortices prescribed at the locations aligned with the edge of the intake (i.e. at Ps, P,
Pp and Pr) moved radially towards the centre of the intake inlet plane up to 0.7 - R;, in-
dependently of the vortex characteristics. On the other hand, the vortex centre location
remained unchanged when ingested at the centre of the intake inlet plane (i.e. prescribed
at Pr). In general, due to limitations associated with the CFD model, the ingested vortices
could be subjected to numerical dissipation before entering within the intake. However,
the focus of the current research is to reveal the change of rotor performance associated
with a flow distortion pattern measured at the AIP. Therefore, numerical analyses were
carried out in the intake and rotor rotor part of the coupled system.

In this section, the intake performance, a qualitative description of the S-duct flow
separation and the internal S-duct aerodynamics are discussed.

5.1.2.1 Intake performance

The intake performance was measured with the pressure recovery (1). According to
its definition (§ [3.3.8)), this parameter requires the specification of the total pressure at
infinity upstream (P ..). For the coupled system configuration, this quantity corresponds
to the mass flow average of the total pressure calculated on the portion of the farfield
inlet plane defined within the capture streamtube. Under clean inlet conditions, this value
corresponded to that specified as boundary condition at the farfield inlet plane (F ;).
On the other hand, as a vortex was ingested into the coupled system, the total pressure
field within the capture streamtube was altered. However, according to the total pressure
perturbation associated with the vortices defined in this work, it was assumed that P .. =
R 0,in-

Effect of vortex location and polarity Figures [5.3(a)land [5.3(b)| show the pressure
recovery (1) for co- and counter-rotating vortex 1 (datum), respectively, ingested in the
coupled system at different locations. The same parameter calculated under clean inlet
conditions (see § #.2.2) is also indicated. As compared with the pressure recovery (1)
calculated under clean inlet conditions, this was generally higher for a co- than for a
counter-rotating vortices ingested. Due to the flow distortion associated with an ingested
vortex, the mass flow adjusts itself to adapt to the static pressure imposed at the CFD rotor
outlet plane. This generally increased or decreased as a counter- or co-rotating vortex was
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ingested. In particular, the highest pressure recovery was observed for the co-rotating
vortex ingested at the centre of the intake inlet plane (i.e. prescribed at Fr). This result
was explained by considering that, as will be discussed in see § [5.1.4] the mass flow
reached in these conditions was the lowest.

Effect of vortex maximum swirl velocity and size The increase of either the maximum
swirl velocity or size of the co-rotating vortex 1 (datum), i.e. by ingesting vortex 2 or
vortex 3, respectively, the pressure recovery (17) was not affected significantly with respect
to that calculated under clean inlet conditions (Fig. [5.3(a)). This was valid for any of the
vortex locations investigated unless for those ingested at the centre of the intake inlet
plane and near the top edge (i.e. prescribed at Pc and Pr, respectively). Regarding the
co-rotating vortices ingested at the centre (i.e. prescribed at Fc) a notable increase of N
occurred. This outcome was related to the significant reduction of rotor corrected mass
flow as vortex 2 or vortex 3 were ingested (see §[5.1.4] On the other hand, for co-rotating
vortices ingested at the top edge of the intake (i.e. prescribed at Pr) the pressure recovery
reduced significantly as both the maximum swirl velocity or size increased. As will be
discussed in § in these conditions a strong interaction was observed between the
vortex and the self-generated distortion. This was accompanied with high pressure loss
along the intake and notable with the description of the total pressure distortion at the AIP
(see [5.1.3.1).

On the other hand, for a counter-rotating vortex ingested, the increase of either
the maximum swirl velocity or size of the vortex (obtained with vortex2 and vortex 3,
respectively) determined an additional reduction of 1 as shown in Fig. This was
more pronounced with the ingestion of vortex 2 rather than with that of the vortex 3. This
difference could be attributed to a higher dissipation to which the vortex 2 was subjected
with respect to the vortex 3. Therefore, lower total pressure values were achieved with
the ingestion of the vortex 2 around its perturbation as also shown in §[5.1.3.1]
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Figure 5.3: Pressure recovery (n) for different vortex locations and polarities and with
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5.1.2.2 Description of the S-duct flow separation

In this section, a qualitative description regarding the change of the S-duct flow separation
pattern caused by the vortex ingestion is presented. Note that, a quantitative analysis of
the flow separation pattern, such as that presented in § f.2.2.2) and [{.3.2.2] could not
accomplished since this was no longer identifiable for part of the ingested vortex cases.

Effect of vortex location and polarity Figures and show the contours of
skin friction coefficient (Cy) with the streaklines on the starboard side of the intake wall
relative to the coupled system operating under clean inlet conditions and by ingesting at
different locations co- and counter-rotating vortex 1 (datum), respectively. Regardless of
the vortex location and polarity, the S-duct flow separation tended to become asymmetric
and shifted circumferentially according to the path followed by the vortex within the S-
duct. As already observed by Anderson?, this spiraled out around the intake wall in the
rotational direction of the vortex itself. This result was also notable with the description
of the flow field at the AIP (see in § [5.1.3). Moreover, as the interaction level between
the S-duct self-generated distortion and the ingested vortex increased, the number of wall
streaklines reduced and tended to converge towards a circumferential location dictated by
the vortex polarity. As already indicated by Wendt et al.??, this phenomena revealed the
vortex surface trajectory and indicated a secondary (transverse) flow separation within the

duct itself (see §2.2.4.1).

Amongst the vortex locations investigated, that ingested near the starboard edge (i.e
prescribed at Py) (Fig. caused the largest change in S-duct flow separation pattern
with respect to that obtained under clean inlet conditions (Fig. [5.4(a)or [5.5(a)). Then,
the S-duct flow separation change was still significant for the co-rotating and counter-
rotating vortices ingested near the top and bottom edge (i.e prescribed at Pr and Pp) as
shown in Fig. [5.4(f)|and [5.5(d)} respectively. On the other hand, vortices ingested at the
centre of the intake inlet plane (i.e. prescribed at Pr) determined no significant changes
in S-duct flow separation as shown in Fig. [5.4(b) and [5.5(b)) However, the influence
of the vortex was notable downstream of the reattachment point with the coalescence of
the wall streaklines towards the rotor face. Finally, the location of vortices ingested near
the port (i.e. prescribed at Pp) throughout the duct remained circumferentially opposite
to that of the S-duct flow separation. Therefore, this was not significantly affected by the

vortex itself (Fig. [5.4(e)land [5.5(¢)).

Effect of vortex maximum swirl velocity and size The increase of either maximum
swirl velocity or size of the co-rotating vortex 1 (datum) ingested, obtained by ingesting
vortex 2 or vortex 3, respectively, determined a similar change of separation pattern. This
outcome was consistent with the methods of images®®. According to this method, the shift
along the circumferential direction is proportional to the distance of the vortex centre from
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the wall and the vortex strength. As discussed in § 5.1.2]and [5.1.1] these two parameters
remained unchanged for vortex 2 and vortex 3.

According to the analysis of vortex location reported in the previous paragraph,
the vortex 1 ingested near the starboard edge (i.e. prescribed at Ps) caused the largest
influence on the S-duct flow separation (Fig. [5.6(a)). For this location, as either the
maximum swirl velocity (Fig. [5.6(b)| and or the size of the vortex 1 increased
(Fig. [5.6(c) and [5.6(f)) the extent of the self-generated distortion reduced. As a result,
only the halve of the self-generated distortion opposite to the vortex path remained alive
while its intensity increased.

Referring to Fig. the counter- and co-rotating vortex 1 ingested near the bottom
and the top (i.e. prescribed at P and Pr), respectively, impacted directly the S-duct flow
separation around the lowest velocity region. As either the vortex maximum swirl velocity
or size increased, i.e. with the ingestion of vortex 2 or vortex 3, the interaction between
the ingested vortex and the self-generated distortion increased. Therefore, the resulting
duct separation region was significantly affected and unsteadiness were obtained in the
CFD solution.

Finally, for the remaining combinations of vortex location and polarity defined in
§ the effect of vortex characteristics on the separation pattern was minor as shown

in Fig. [5.9/and
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5.1.2.3 Internal duct aerodynamics

In this section, an investigation of the internal S-duct aerodynamics is presented. This was
accomplished by considering the flow field on cross flow planes defined perpendicularly
to the centerline.

Effect of vortex location and polarity Figures [5.11]and [5.12]show the 2D streamlines
obtained on cross flow planes with co- and counter-rotating vortex 1 (datum), respectively,
ingested at the centre of the intake inlet plane (i.e. prescribed at Fc). Regardless of its
polarity, this vortex remained essentially aligned with the duct centerline along the whole
duct itself. Therefore, the ingested vortex introduced a centered bulk swirl which was
superimposed to the baseline flow of the S-duct itself (see § 4.2.2.3). On the other hand,
vortices ingested near the intake wall (i.e. prescribed at Ps, Pg, Pp and Pr) followed a
spiral around the inside part of the duct wall in a direction corresponding to that of the
ingested vortex itself. This outcome was in agreement with the numerical results obtained
by Anderson? (see § and was notable with the description of the flow field at the

AIP presented in §[5.1.3]

Effect of vortex maximum swirl velocity and size The numerical results presented in
this paragraph were necessary to confirm the effect of the vortex maximum swirl velocity
and size on the S-duct flow separation discussed in § [5.1.2.2] Figures [5.13]—- show
the trends of spatial fluctuations of the static pressure and tangential velocity component
((p")* and (Vj5)*), both defined in § calculated on planes disposed perpendicularly
to the S-duct centerline and for different combinations of vortex location and polarity. For
clean inlet conditions and by moving towards the AIP, the spatial fluctuation of static pres-
sure ((p')*) presented a maximum at the first bend where the flow changed the streamwise
direction. Then, it reduced until zero at the half of the duct due to the change of the sign of
the duct centerline curvatur Finally, a maximum relative was reached at z/L = 0.1 due
to the presence of the spinner placed downstream. On the other hand, the standard devia-
tion of tangential velocity component ((Vj)*) reached two minimum at the axial locations
which indicated the limits of the S-duct flow separation (see {.2.2.2). Downstream of
the reattachment point a continuous increase of the spatial fluctuations occurred since the
rotor disturbances increased up to the AIP.

As a vortex was ingested in the S-duct, this caused a shift of the spatial fluctuations
which varied along the S-duct itself. The sign and magnitude of this shift was the result
of the interaction between the ingested vortex and the S-duct flow field and the fluctuation
introduced by the vortex itself.

Referring to Fig. [5.14(b)| the increase of either the maximum swirl velocity or size

*The same phenomena was also observed during experiments by Wellborn'!
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of the vortex 1 (i.e. vortex 2 or vortex 3) ingested near the starboard edge (i.e. prescribed
at Ps) caused the disappearance the two minimum of (Vj)*, while this parameter increased
towards the AIP due to the presence of rotor disturbances. On the other hand, the influence
of vortex characteristics was minor on the spatial fluctuations of static pressure ((p)*) as

shown in Fig.

On the other hand, by considering the ingestion of counter- and co-rotating vortices
ingested near the bottom and the top of the intake edge (i.e. prescribed at Pg and Pr),
respectively, the trends of the spatial fluctuations was irregular along the S-duct with the
ingestion of vortex 2 or vortex 3 as shown in Fig. and For these cases, the
CFD solutions presented oscillations of the RMS of residuals equations with numerical
iterations, resulting then unsteady.

Finally, for vortices ingested either at the centre intake inlet and near the port intake
edge (i.e. prescribed at P and Pp), the interaction between the wall and the self-generated
distortion was minor and, consequently, the trends of spatial fluctuations throughout the
intake was similar to that obtained under clean inlet conditions as shown in Fig. [5.13]and
5.16!
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(b) Plane 2 (z/s = 4.583) (c) Plane 3 (z/s = 3.464)

(d) Plane 4 (z/s = 2.345) (e) Plane 5 (z/s = 1.226) (f) AIP (z/s =0.107)

Figure 5.11: Front view of 2D streamlines on cross flow planes defined along the S-duct
of the coupled system for counter-rotating vortex 1 (datum) ingested at the centre of the
intake inlet plane (i.e. prescribed at Pc) and indication of the centerline point (yellow)
upstream of the spinner with rotor operating at 100% N; and py; /Po.in = 0.987
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(a) Plane 1 (z/s = 5.697) (b) Plane 2 (z/s = 4.583) (c) Plane 3 (z/s = 3.464)

(d) Plane 4 (z/s = 2.345) (e) Plane 5 (z/s = 1.226) (f) AIP (z/s =0.107)

Figure 5.12: Front view of 2D streamlines on cross flow planes defined along the S-duct
of the coupled system for counter-rotating vortex 1 (datum) ingested at the centre of the
intake inlet plane (i.e. prescribed at Pc) and indication of the centerline point (yellow)
upstream of the spinner with rotor operating at 100% N; and py; /Po.in = 0.987
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Figure 5.13: Non-dimensional standard deviations calculated along the S-duct for vor-
tices ingested at the centre of the intake inlet plane (i.e. prescribed at Pc) and with rotor
operating at 100% Ny and po; /Po in = 0.987



154 Coupled system analysis: vortex ingestion

=+-Clean inlet conditions
: HCo-rot. Vortex 1
6k - . . - I i cv] BCo-rot. Vortex 2

: T-Co-rot. Vortex 3
“#Counter-rot. Vortex 1
35 : ! ®Counter-rot. Vortex 2
BCounter-rot. Vortex 3

IS 4 i
*
<_\
)
3 i
o) i
1k i
0 i i i i \+‘ﬁ+’ i i i i
-1 09 08 -07 06 -05 -04 -03 -02 -01 0
z/L
(a) Non-dimensional standard deviation of static pressure ((p’)*%)
16 : : ‘ T T T
=+-Clean inlet conditions
O-Co-rot. Vortex 1 :
14H B Co-rot. Vortex 2 : : : B
O-Co-rot. Vortex 3
-&-Counter-rot. Vortex 1 :
12! ®Counter-rot. Vortex 2 : : i
& Counter-rot. Vortex 3 :
IS
S i
—~
)
N—

-1 -09 08 -07 -06 -05 -04 -03 -02 -01 0

(b) Non-dimensional standard deviation of tangential velocity ((Vg)*%)

Figure 5.14: Non-dimensional standard deviations calculated along the S-duct for vor-
tices ingested near the starboard edge (i.e. prescribed at Ps) and with rotor operating at
100% N; and p oy / Po.in = 0.987
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Figure 5.15: Non-dimensional standard deviations calculated along the S-duct for vor-
tices ingested near the bottom edge (i.e. prescribed at Pg) and with rotor operating at
100% Ny and p oy / Po.in = 0.987
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Figure 5.16: Non-dimensional standard deviations calculated along the S-duct for vor-
tices ingested near the port edge (i.e. prescribed at Pp) and with rotor operating at 100%

Nd and pout/POJn = 0.987
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Figure 5.17: Non-dimensional standard deviations calculated along the S-duct for vor-
tices ingested near the top edge (i.e. prescribed at Pr) and with rotor operating at 100%
Nd and Pout/PO,in =0.987
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5.1.3 Flow field description at the AIP

This section reports the description of both total pressure and swirl distortion calculated at
the AIP and relative to the coupled system operating according to the boundary conditions

defined in § 5.1.1]

5.1.3.1 Total pressure distortion

The total pressure distortion was measured with the total pressure distortion parameter
(DCgp). Note, however, that this parameter does not provide any information regarding the
distortion extent since it is calculated on the worst total pressure sector of 60° (see § [A.I)).
As discussed in § [I.1.1.1] the rotor stability pressure ratio reduces as the distortion extent
increases. This characteristic was investigated by means of contours of non-dimensional

total pressure (Fy) as shown in Fig. and

Effect of vortex location and polarity Figure [5.18 shows the total pressure distortion
parameter (DCgq) for vortex 1 (datum) ingested at different locations and polarities and
with the rotor operating at 100% N; and poy;/ Py in = 0.987. The value calculated under
clean inlet conditions, presented in § .2.3.1] is also indicated. Amongst the case studies
investigated, the DCqy was generally greater than 0.1. According to practical recommen-
dations®Z, this value corresponds to the limit below which the total pressure distortion
could be neglect. Therefore, the total pressure distortion could contribute significantly
with the swirl distortion to the change in rotor performance.

The change of the total pressure parameter (DCgy) with the vortex location and
polarity was explained by considering that, in general, the total pressure loss at the AIP
are the results of two combined mechanisms. The first mechanism is the mass flow and
then the flow velocity involved into the system. This aspect was already evident with the
validation study of the RAE S-shaped intake 2129 (see § 4.2.3.1)and [4.3.3.1). On the
other hand, the second mechanism is attributed to the interaction of an ingested vortex
with the existing intake flow field, especially with that of the self-generated distortion.

As discussed in §[5.1.2.3] the vortex ingested at centre of the intake inlet plane (i.e.
prescribed at Fc) impacted directly on the spinner by affecting mainly the flow field at
the AIP around the hub region of the rotor. This result was evident especially with the
description of the swirl distortion at the AIP carried out by considering the relative ro-
tor incidence change (AB) or non-dimensional streamwise vorticity (@) which will be
discussed in § [5.1.3.2] In these conditions, a change of mass flow occurred with a sign
depended on the vortex polarity (see §[5.1.4). Most likely, the vortex interacted with the
self-generated distortion. Therefore, both of the aforementioned mechanisms occurred
simultaneously. However, the change of total pressure distortion with respect to the clean
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inlet conditions attributed to these two mechanisms thought acting separately could not be
quantified. Similar considerations were also valid for vortex ingested near the starboard
edge (i.e. prescribed at Ps). For this location the vortex perturbation merged signifi-
cantly with that associated with the self-generated distortion as shown in Fig.
and Note, however, that this condition did not necessarily imply an increase of
the total pressure distortion since a reduction of DCg occurred as the co-rotating vortex
1 (datum) was ingested at this location.

0.45

-=:Clean inlet conditions
L4 i s ] CO-TObAEIME

B Counter-rotating

0.05

Figure 5.18: Total pressure distortion parameter (DCgg) calculated at different locations
and polarities of the vortex 1 and with rotor operating at 100% N, and poy; /Po in = 0.987

For the remaining vortex locations investigated, the change of DCgy was explained
by considering the location of the vortex perturbation reached at the AIP relative to that
of the self-generated distortion. As discussed in § [2.2.4.2] the vortex moved circum-
ferentially in agreement with the observations carried out by Anderson. Hence, as the
co-rotating vortex 1 (datum) was ingested at different locations along the co-rotating di-
rection and sequentially near the bottom, port and top edge (i.e. prescribed at Pg, Pp and
Pr) the vortex perturbation approached more and more that of the self-generated distor-
tion as shown in Fig. [5.19(d)], [5.19(e)| and [5.19(f)} Meanwhile, the DCg increased more
and more as shown in Fig. [5.I8] As a result, the perturbation of the vortex ingested near
the top was almost merged with that of the self-generated distortion and the extent and
magnitude of the total pressure distortion reached the highest values. A similar phenom-
ena occurred by ingesting counter-rotating vortices along the counter-rotating direction
sequentially near the top, port and bottom edge (i.e. prescribed at Pr, Pp and Pg) (see Fig.
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5.20(f), [5.20(e), and [5.20(d)). As a result, the highest change of total pressure distor-

tion with the polarity occured for vortices ingested near the bottom and top edge. Note,
however, that a difference in DCg( between the mirror vortices existed. In particular, this
value was lower for co- than for counter-rotating vortex ingested as shown in Fig. [5.18]
As will be discussed in § [5.1.4] this difference was related to the mass flow of the sys-
tem. Compared to the clean inlet conditions, this increased and decreased due to the swirl
distortion effect attributed to counter- and co-rotating vortices ingested, respectively.

Finally, it was observed that the perturbations of the vortices ingested at the port
(Fig. [5.19(e)|and [5.20(¢)) were less significant compared to that attributed to the co- or
counter-rotating vortex ingested near the bottom or top edge of the intake wall, respec-
tively, (Fig. [5.19(d) or [5.20(f)). The reason of this outcome could be related to the
different local wall curvature encountered by the vortex along the S-duct.
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(a) Clean inlet conditions (b) Vortex prescribed at Pc (c) Vortex prescribed at P

(d) Vortex prescribed at P (e) Vortex prescribed at Pp (f) Vortex prescribed at Pr

Figure 5.19: Contours of non-dimensional total pressure distortion (F;) at the AIP for
co-rotating vortex 1 ingested at different locations and with rotor operating at 100% N,
and pous /P in = 0.987
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(a) Clean inlet conditions (b) Vortex prescribed at Pc (c) Vortex prescribed at P

-

(d) Vortex prescribed at P (e) Vortex prescribed at Pp (f) Vortex prescribed at Pr

Figure 5.20: Contours of non-dimensional total pressure distortion (F;) at the AIP for
counter-rotating vortex 1 ingested at different locations and with rotor operating at 100%
Nd and Pout/PO,in =0.987
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Effect of vortex maximum swirl velocity and size The increase of the maximum swirl
velocity or size of the vortex 1 (datum) (i.e. obtained with vortex 2 or vortex 3, respec-
tively), could cause an increase of the extent relative to the worst total pressure sector at
the AIP. The magnitude of this increase was related to the level of interaction between
the vortex and the self-generated distortion. In particular, it was significant for vortices
ingested near the starboard edge as well as for co- and counter-rotating vortices ingested
near the top and the bottom, respectively (see Fig. and [5.23). For these cases, the
angular extent of the worst total pressure distortion sector became larger than 60° and,
therefore, the DCgg was no longer recommended as metric. Therefore, this parameter
was improved by considering the angular extent of the worst total pressure sector of 120°
(DC1y0). Figures [5.21(a)land [5.21(b)| show the values of this parameter calculated for
co- and counter-rotating vortices ingested, respectively, and at different locations. In gen-
eral, the minimum total pressure achieved within the vortex perturbation zone was higher
with the ingestion of vortex 3 rather than relative to vortex 2 (Fig. [5.22]and [5.23). As
discussed in § [5.1.2.1] this outcome could be attributed to a higher dissipation to which
the vortex 2 was subjected compared to that relative to vortex 3.

Referring to Fig. a reduction of DC)( occurred for co-rotating vortices in-
gested that, according to the distributions of non-dimensional total pressure (Fig. [5.22),
were not interacting significantly with the self-generated distortion. Therefore, this reduc-
tion was essentially attributed to that of the corrected mass flow of the system which will
be discussed in § [5.1.4] For the vortex polarity considered, this condition occurred for
vortices ingested at the centre of the intake inlet plane and at the bottom (i.e. prescribed at
the Pc and P, respectively). Meanwhile, for the remaining vortex locations investigated,
where the vortex interacted significantly with the self-generated distortion, the DCpq in-
creased and decreased with the ingestion of vortex 2 and vortex 3 essentially due to the
difference in the lowest total pressure reached around the core of the vortex itself (Fig.
B.22).

Regarding the vortices ingested in the counter-rotating direction (Fig. [5.21(b)] the
DCyo remained the lowest as vortex 2 or vortex 3 were ingested near the top edge of
the intake. For the remaining vortex locations the same parameter increased with the
ingestion of the vortex 2. Then, by substituting this vortex with vortex 3 a reduction of
this parameter occurred essentially due to the higher total pressure reached at the vortex
centre as discussed above.

Overall, it could be noticed that the perturbation relative to the Vortex 2 and vortex
3 ingested at the AIP was found at an angular location which was common for the two
vortices ingested (Fig. [5.22]and [5.23). This outcome confirmed, then, the validity of the
method of images, already discussed in §[5.1.2.2]
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Figure 5.21: Total pressure distortion parameter (DC}yg) for different vortex ingestion
and polarities and with rotor operating at 100% N; and p,,,/ Py in =0.987
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Figure 5.22: Contours of non-dimensional total pressure (Pj) for co-rotating vortices

ingested and with rotor operating at 100% N, and p,,,; / Py,in =0.987
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Figure 5.23: Contours of non-dimensional total pressure (Fy) for counter—rotating vor-
tices ingested and with rotor operating at 100% N, and p,;/ Py,in =0.987
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5.1.3.2 Swirl distortion

In this section, a description of the swirl distortion at the AIP of the coupled system is
presented. For this purpose, the distribution of the non-dimensional streamwise vorticity
(@) and the relative flow angle change (Af3) were considered. Moreover, a quantification
of the swirl distortion was carried out by calculating the mass flow average of the mag-
nitude of the relative flow angle change (M). Note that the aforementioned parameters
were defined in §

Effect of vortex location and polarity Referring to Fig. and as the vortex 1
(datum) was ingested in the coupled system for different combinations of location and po-
larity, the distribution of @, at the AIP was significantly altered compared to that obtained
under clean inlet conditions. Consequently, a characterization of the swirl distortion at the
AIP similar to that applied for clean inlet conditions (see § 4.2.3.2/and [4.3.3.2) could no
longer be carried out. For this reason, the distribution of a)z* at the AIP was described
only qualitatively. This is presented below for each combination of vortex location and
polarity.

As discussed in §[5.1.2.3] the vortices ingested at the centre of the intake inlet plane
(i.e. prescribed at Pc) remained located along the S-duct centreline. Therefore, it im-
pacted directly the spinner and the hub region of the rotor at the AIP. As a result, higher
values of vorticity occurred almost uniformly around the whole rotor hub as shown in
Fig. [5.25(b)|and [5.26(b)] Meanwhile, a reduction or increase of the self-generated dis-
tortion imbalance occurred as the counter- or co-rotating vortex direction was considered,
respectively. Referring to Fig. and the relative flow angle change (Af3)
close to the vortex perturbation affected mainly the hub region along the whole annulus.
Also, the co- and counter-rotating regions of the self-generated distortion were subjected
to a change of this parameter in opposite manner, due to the centered bulk swirl associated
with the vortex itself.

The vortices ingested near the starboard edge (i.e. prescribed at Pg) merged with the
part of the self-generated distortion zone having the same vorticity sign as shown in Fig.
[5.25(c)|and [5.26(c)). This resulting vorticity zone extended and propagated towards the
hub region. In turn, the self-generated distorted zone originally with the opposite vorticity
extended and propagated towards the hub region. In terms of Af, the presence of the
vortex was recognized by two spots of this parameter having opposite sign and located
around the location of the vortex reached at the AIP (see Fig. [5.27(b)and [5.28(b)). A
similar observation could be carried out for any other vortex ingested near the wall which
are presented below.

For co-rotating vortex ingested near the bottom edge (i.e. prescribed at Pp) the self-
generated distortion remained essentially separated by the vortex perturbation. Instead,



168 Coupled system analysis: vortex ingestion

the vortex interacted with the duct wall by arising two spots of induced vorticity as shown
in Fig. On the other hand, by inverting the vortex polarity the vortex perturbation
moved in the circumferential direction towards the self-generated distorted zone as shown
in Fig. [5.26(d)] Therefore, a large positive vorticity zone arose along the whole span as
result of the interaction between the vortex and the self-generated distortion. This condi-
tion induced an enlargement of the negative vorticity zone relative to the self-generated
distortion.

Regardless of the polarity, the perturbation of the vortex ingested near the port (i.e.
prescribed at Pp) remained in a circumferential location essentially opposite to that of the
self-generated distortion which was, therefore, not directly affected by the ingested vortex
itself. On the other hand, the vortex interacted with the wall and two induced vorticity
zones arose between the vortex and the wall (Fig. and [5.26(e)). Moreover the
change of swirl distortion in terms of A} was relatively low around the self-generated
distortion.

Finally, the numerical solutions obtained for vortices ingested near the top edge of
the intake (i.e. prescribed at Pr), were qualitatively mirrored compared to that relative to
vortices ingested at the bottom and by inverting the vortex polarity (see Fig. and
[5.26(F). As will be discussed in §[5.1.4] the corrected mass flow for a co- and a counter-
rotating vortex ingested was lower and higher with respect to the clean inlet conditions.
Differences between the mirror vortices were attributed to that of rotor operability.

Overall, the aforementioned description confirmed that the swirl distortion was not
only attributed to that of self-generated distortion and the vortex ingested, thought act-
ing separately. Instead, additional swirl distortion arose from the interaction occurring
between the self-generated distortion or the duct wall and the ingested vortex itself.

Moreover, the inlet swirl distortion was measured by means of the mass flow av-
erage of the magnitude of the relative flow angle change (M) calculated at the AIP as
shown in Figure [5.24] The results confirmed that by considering the swirl distortion mag-
nitude the flow patterns were essentially mirrored between vortices of opposite polarity
ingested at the centre of the intake inlet plane and near the port and starboard edge of the
intake wall. On the other hand, for vortices ingested near the bottom or top edge the level
of swirl distortion depended on their polarity. This outcome was related to the possibility
of these vortices to mainly interact either with the self-generated distortion or the intake
wall. According to the rotor operability investigated and for both of the aforementioned
locations, the interaction of the vortex with the self-generated distortion caused higher
swirl distortion than that relative to interaction of the vortex with the intake wall. Finally,
by considering the total pressure and swirl distortion quantified by means of DCgo and
|A_B, respectively, (Fig. EI and the two types of distortion were inter-correlated
for vortices ingested near the bottom and the top edge.
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Figure 5.24: Mass flow average of the magnitude of the relative flow angle change (|AB|)
calculated at different locations and polarities of the vortex 1 and with rotor operating at
100% Ny and p oy / Po.in = 0.987
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Figure 5.25: Contours of non-dimensional streamwise vorticity (@) at the AIP for co-
rotating vortex 1 ingested at different locations and with rotor operating at 100% N; and
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Figure 5.26: Contours of non-dimensional streamwise vorticity (;) at the AIP for
counter-rotating vortex 1 ingested at different locations and with rotor operating at 100%
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(a) Vortex prescribed at Pc (b) Vortex prescribed at Pg

N
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(c) Vortex prescribed at Pp (d) Vortex prescribed at Pp (e) Vortex prescribed at Pr

Figure 5.27: Contours of relative flow angle change (A) at the AIP for co-rotating vortex
1 ingested at different locations and with rotor operating at 100% Ny and pou;/Po in =
0.987
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(a) Vortex prescribed at Pc (b) Vortex prescribed at Pg
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(c) Vortex prescribed at Pp (d) Vortex prescribed at Pp (e) Vortex prescribed at Pr

Figure 5.28: Contours of relative flow angle change (Af) at the AIP for counter-
rotating vortex 1 ingested at different locations and with rotor operating at 100% N; and
pout/PO,in =0.987
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Effect of maximum swirl velocity and size Figure [5.29] and [5.30| show the non-
dimensional streamwise vorticity (@) for co- and counter-rotating vortices, respectively,
ingested at different locations. The extent as well as the location of the perturbation were
in agreement with that relative to the total pressure distortion (see Fig. [5.22]and [5.22).
Also, according to the inlet boundary conditions relative to vortex 2 and vortex 3 (ob-
tained by doubling the maximum swirl velocity and size of the vortex 1) it was expected
that the vorticity attributed to the vortex 2 was higher compared to that relative to vortex
3. However, the numerical results obtained in this work showed an opposite outcome
(Fig. [5.29)and [5.30)). This could be due to a higher dissipation at which the vortex 2 was
subjected with respect to the vortex 3.

The swirl distortion was quantified by means of the mass flow average of the magni-
tude of the relative flow angle change (M), for co- and counter-rotating vortices ingested
as shown in Fig. [5.31(a)land [5.31(b)| respectively. In general, as the vortex 2 or vortex
3 were ingested in the coupled system, the swirl distortion increased, due to higher swirl
velocities introduced by vortex itself. In particular, amongst the co-rotating vortices in-
gested the highest swirl distortion was reached for that ingested near the top due to the
strong interaction of the vortex with the self-generated distortion notable in Fig. [5.29]
On the other hand, the lowest swirl distortion was relative to the vortex ingested near the
bottom where the vortex perturbation moved towards the opposite location with respect
to that of the self-generated distortion and interacted with the intake wall (Fig. [5.29).
Referring to counter-rotating vortices (see Fig. [5.31(b)), the lowest swirl distortion was
relative to that ingested near the top. On the other hand, the highest swirl distortion was
observed for vortex ingested near the bottom and near the starboard as either the maximum
swirl velocity and the size of the vortex 1 (datum) were doubled, respectively. Overall,
these results were in agreement with that relative to the total pressure distortion measured
by means of DCy indicated in Fig. [5.21(a) and [5.21(b)| for co- and counter-rotating
vortices ingested, respectively.
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Figure 5.29: Contours of non-dimensional streamwise vorticity (@) for co—rotating vor-

tices ingested and with rotor operating at 100% N, and p,;/ Py,in =0.987
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Figure 5.30: Contours of non-dimensional streamwise vorticity (@) for counter-rotating
vortices ingested and with rotor operating at 100% N, and pou /Po.in = 0.987
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Figure 5.31: Mass flow average of the magnitude of the relative flow angle change (|AB|)
calculated at different locations and polarities of the vortex 1 and with rotor operating at
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5.1.4 Change of rotor performance

In this section, the rotor pressure ratio (PR) versus the corrected mass flow (W,,,) rela-
tive to the coupled system operating under clean inlet conditions and by considering the
boundary conditions defined in § [5.1.1] are presented. As discussed in §[5.1.1] for these
cases the rotor static to inlet total pressure (p,.: /P in) remained constant, instead of being
varied in order to reach the near stall operating point. For this reason, similar numerical
correlations to that presented for clean inlet conditions (see § could not obtained.

Effect of vortex location and polarity Generally, the sign as well as the magnitude of
the change of rotor corrected mass flow is the result of the combination of total pressure
and swirl distortion effect. As discussed in [I.I.1] the increase of total pressure distortion
causes a shift of the operating point towards lower corrected mass flow. Meanwhile, the
swirl distortion causes a shift of the operating point depending on the predominant swirl
direction at the AIP. In particular, for a co- and a counter-rotating pure bulk swirl the rotor
corrected mass flow reduces and increases, respectively (see § [I.1.1.2). Figures
and [5.34(b)|show the pressure ratio (PR) versus corrected mass flow (W) relative to the
rotor of the coupled system when the vortex 1 (datum) was ingested in co- and counter-
rotating direction, respectively. The results showed that a reduction and an increase of
corrected mass flow was observed for co- and counter-rotating vortices ingested. Fol-
lowing the aforementioned considerations and by assuming that the interaction effects
between different types of flow distortion were negligible, the effect of total pressure was
minor compared to that of the swirl distortion. Hence, the changes in rotor performance
explained below considered the effects of these two types of flow distortion in a separated
manner.

As discussed in § [5.1.3.2] the ingestion of vortex 1 (datum) at locations near the
wall (i.e. prescribed at Ps, Pg, Pp and Pr) arose two zones of opposite relative rotor in-
cidence change (Af) close to the vortex perturbation at the AIP (Fig. [5.27|and [5.28)).
Clearly, their effects on the global rotor corrected mass flow were opposite. Meanwhile,
the relative rotor incidence was also affected near the self-generated distorted region in
a direction corresponding to that of the vortex polarity. According to the results shown
in Fig. [5.34] the effect on rotor corrected mass flow was similar to that of a bulk swirl
imposed in the same rotational direction of the vortex ingested. On the other hand, when
the vortex was ingested at the centre of the intake inlet plane (i.e. prescribed at Fr) this
impacted mainly the hub region at the AIP where a zone of A arose in one direction
corresponding to that of the vortex polarity (Fig. [5.27(a) and [5.28(a)). Meanwhile,
the relative rotor incidence near the self-generated distorted region was affected almost
equally in both directions. Hence, compared to vortices ingested near the wall, the in-
crease of change in rotor corrected mass flow was not contrasted by an opposite zone
of AB arising close to the vortex. As a result, the change of rotor corrected mass flow
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Figure 5.32: Contours of relative flow angle change (Af) for co—rotating vortices in-

gested and with rotor operating at 100% N, and p,,, /Po,,-n =0.987



180 Coupled system analysis: vortex ingestion

AB [°]

Vortex 1 Vortex 2 Vortex 3

Fc

Pg

Pp

Pp

Pr

Figure 5.33: Contours of relative flow angle change (Af) for counter—rotating vortices
ingested and with rotor operating at 100% N, and p,,; / Py ,in =0.987
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was relatively high. The aforementioned explanation considered only the existence of the
swirl distortion. The inclusion of the total pressure distortion effect is presented below.

Regarding the vortex ingested at the centre of the intake inlet plane (i.e. pre-
scribed at Pr), the DCqy was lower for co- than for counter-rotating vortex direction (see
§ 5.1.3.1). Meanwhile, as discussed in § [5.1.3.2] the swirl distortion measured with the
mass flow average of the magnitude of the relative flow angle change (JAB|) remained
unchanged. Also, the relative value was not the largest amongst the cases investigated.
Referring to Fig. [5.34] the change of the operability points with respect to the clean
inlet conditions was of about 1.3% excess or deficit of corrected mass flow, as the co-
and counter-rotating vortex, respectively, was ingestedat the centre. As compared with
any other vortex locations, this change was relatively high. By supposing the total pres-
sure distortion acting alone, this would move both of the operating points towards lower
corrected mass flow. However, according to the aforementioned results, the contribution
of the swirl distortion on the rotor performance was more significant than that of total
pressure distortion. Therefore, it was concluded that the sign as well as the location of
the swirl distortion along the span could be significant to identify the change of rotor

performance (see Fig. and [5.27).

Referring to Fig. [5.18and [5.24] for the co-rotating vortex 1 (datum) ingested near
the bottom (i.e. prescribed at Pg) both swirl and total pressure distortion were relatively
low. For this reason, the rotor operating point moved towards corrected mass flow slightly
lower than that relative to the clean inlet conditions (Fig. [5.34(a)). On the other hand,
for counter-rotating vortex ingested near the bottom, both the total pressure and swirl dis-
tortion increased significantly due to the interaction of the vortex with the self-generated
distortion. Normally, the effect of the total pressure distortion tended to move the rotor
operating point towards lower mass flow. Instead, the swirl distortion, occurring mainly
in the counter-rotating direction (Fig. tended to increase the corrected mass flow.
Overall, the operating point moved towards corrected mass flow slightly higher than that
relative to the clean inlet conditions due to the predominant effect of swirl distortion (Fig.
[.34(b)).

Referring to Fig. [5.18and [5.24] for the co-rotating vortex 1 (datum) ingested near
the top (i.e. prescribed at Pr) both swirl and total pressure distortion were relatively high.
Referring to Fig. the change in swirl distortion at the AIP occurred mainly in
the co-rotating direction. Therefore, both total pressure and swirl distortion contributed
to move the operating point towards lower corrected mass flow. On the other hand, by
inverting the polarity for the same vortex location, both the total pressure and swirl dis-
tortion reduced significantly. The outcome relative to this vortex case indicated that the
effect of total pressure distortion was minor as compared to that of the swirl distortion.

Finally, the vortices ingested near the port were characterized by intermediate levels
of total pressure and swirl distortion compared to that relative, for the same polarity, to
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vortices ingested near the bottom and top (see Fig. and [5.24). Therefore, their
operating points were found between that relative to the vortices ingested near the bottom

and top (Fig. [5.34(a) and [5.34(a)).

Effect of maximum swirl velocity and size Generally, the ingestion of vortices with
increased maximum swirl velocity or size with respect to that of vortex 1 (i.e. vortex
2 or vortex 3, respectively), caused an increase of the magnitude of the corrected mass
flow change as shown in Fig. [5.34] Equivalently, this corresponded to the ingestion of a
stronger bulk swirl applied in the same direction of the ingested vortex itself. Regarding
the vortices ingested near the wall (i.e. prescribed at Ps, Pp, Pp and Pr), they arose a zone
of AB close to the vortex perturbation as shown in Fig. and Although this was
contrasting the change in corrected mass flow obtained, its influence was therefore minor
compared to that acting in opposite direction. On the other hand, the ingestion of vortices
at the centre of the intake inlet plane (i.e. prescribed at P¢) arose one zone of relative rotor
incidence close to the vortex itself having a sign dependent of the vortex polarity as shown
in Fig. [5.32]and [5.33] Meanwhile, a change in relative rotor incidence around the self-
generated distorted zone occurred equally in both of directions. Therefore, the increase
of the rotor corrected mass flow change was not contrasted by an opposite relative rotor
incidence close to the vortex as observed for vortices ingested near the wall. As a result,
for this vortex location the highest change in corrected mass flow occurred as the vortex
2 or vortex 3 were ingested as shown in Fig. [5.34]

However, this outcome was not valid for co- and counter-rotating vortices ingested
near the top and bottom edge of the intake (i.e. prescribed at Pr and Pg, respectively). For
these cases, the S-duct aerodynamics as well as the flow distortion at the AIP were highly
affected compared to other vortices ingested and the RMS of the residuals oscillated with
the numerical iterations (see §[5.1.2]and [5.1.3). As a result, the change of corrected mass
flow was opposite to that expected for a generic vortex with the same polarity (Fig. [5.34).
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Figure 5.34: Rotor pressure ratio (PR) versus corrected mass flow (W,,,) with rotor op-
erating at 100% N, and py: /P in = 0.987
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5.2 The effect of throttle setting

In this section, a sensitivity analysis of the throttle setting on the flow field of the coupled
system operating with the vortex 1 (datum) ingested at the intake inlet plane is presented.
Firstly, the boundary conditions specified around the computational domain are defined.
Then, similar analysis already considered for the vortex characteristics effect analysis (see
§ [5.1)) are reported. In addition, the change of rotor performance were also evaluated in
terms of numerical correlations established between the loss of stability pressure ratio and
the swirl distortion calculated at near stall operating point.

Compared to the analyses presented in § the effect of vortex location and po-
larity was accomplished. The numerical results were similar to that relative to the vortex
characteristics analysis (see § [5.1.2.2)) and, therefore, are presented in § [D]

5.2.1 Definition of the CFD boundary conditions

The effect of the rotor throttle setting on the coupled system was investigated with the
rotor operating at 80% of its original design rotational speed (N,). As discussed in §[4.3.4]
the operability range of the NASA Rotor 67 mounted on the coupled system was width
enough to allow the investigation of the throttle setting effect. Referring to Fig. the
boundary conditions imposed around the CFD domain of the coupled system were similar
to that presented in § 4.2.1] The only differences were relative to the boundary conditions
imposed at the farfield inlet and CFD rotor outlet plane. At the farfield inlet plane, the
vortex 1 (datum), defined in §[3.4.2] was prescribed at the locations defined in §[5.1.1]and
for the two polarities. Hence, ten different vortices were ingested. On the other hand,
CFD rotor outlet plane the static pressure was varied to obtain for each vortex ingested
the whole rotor speedline between near choking and near stall operating conditions. This
parameter ranged between values depending on the location and polarity of the ingested
vortex itself.

5.2.2 S-Shaped intake aerodynamics

In this section, the intake performance as well as a qualitative description of the S-duct
flow separation with the throttle setting are provided.

5.2.2.1 Intake performance

As the rotor operability changed from near stall to near choking conditions, the pressure
recovery (1) slightly reduced as indicated in Table [5.2] This change was essentially due
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to the increase of the flow velocity in the duct. Note that, regardless of the vortex ingested,
the values of 17 were very close to the unit, indicating that the intake performance should
not affect significantly that of the rotor placed downstream (see § [3.3.8).

Vortex location Polarity Near stall Near choking
Co 0.992 0.991
Fc
Counter 0.989 0.991
Co 0.990 0.992
Ps
Counter 0.990 0.991
Co 0.990 0.993
Pp
Counter 0.990 0.991
Co 0.991 0.992
Pp
Counter 0.990 0.992
P Co 0.990 0.991
Counter 0.990 0.992

Table 5.2: Pressure recovery (1) for vortex 1 ingested at different locations and polarities

and with rotor operating at 80% N, and at near stall and near choking conditions

5.2.2.2 Description of the S-duct flow separation

As the rotor operability changed from near stall to near choking, the mass flow of the
system increased and, therefore, the intensity of the S-duct flow separation increased as
shown in Fig. and Moreover, by following the method of images, mentioned
in § the angular shift of the ingested vortex within the duct would be affected by
the mass flow change. By assuming that the speed of the vortex in the circumferential
direction within the S-duct was constant, the higher the mass flow the lower the angular
shift of the vortex in the S-duct. Clearly, this change could affect directly the S-duct flow

separation.
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Figure 5.35: Contours of skin friction coefficient (Cy) with streaklines (black) at the
starboard side of the intake wall for co-rotating vortex 1 (datum) ingested at different
locations with rotor operating at 80% N, and at near stall and near choking conditions
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Figure 5.36: Contours of skin friction coefficient (Cy) with streaklines (black) at the
starboard side of the intake wall for counter-rotating vortex 1 (datum) ingested at different
locations with rotor operating at 80% N, and at near stall and near choking conditions
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5.2.3 Flow field description at the AIP

In this section, a description of the flow field, in terms of both total pressure and swirl dis-
tortion, at the AIP of the coupled system operating according to the boundary conditions
defined in § [5.2.1]is presented.

5.2.3.1 Total pressure distortion

Regardless of the vortex location and polarity investigated, the extent of the total pres-
sure distortion at the AIP remained essentially unchanged and within a 60° sector as the
rotor operability changed from near stall to near choking (Fig. [5.38). Therefore, the
DCg could be used as a metric to quantify the total pressure distortion. This parameter
increased linearly with the mass flow and with a rate which was independent of the vortex
location and polarity (Fig. . According to practical recommendations®’, the values
of DCg( obtained were negligible for the rotor performance unless that relative to co- and
counter-rotating vortices ingested near the top and bottom edge (i.e. prescribed at Pr and
Pp), respectively. As discussed in §[5.1.3.1] for these combinations of vortex location and
polarity a strong interaction occurred between the self-generated distortion and the vortex
itself.

022 | . | .
-=-Clean inlet conditions j ' : :
-0-Co-rot. pr. at Pe

--Counter-rot. pr. at Pg

0.2}

0'187-D-Co—rot. pr. at Pg
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4-Counter-rot. pr. at Pg
0.14|<Co-rot. pr. at Pp
+Counter-rot. pr. at Pp
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Figure 5.37: Total pressure distortion parameter (DCg) versus corrected mass flow (W)
for vortex 1 ingested at different locations and polarities and with rotor operating at 80%
Ny
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Figure 5.38: Contours of non-dimensional total pressure Fj for co- and counter-rotating
vortex 1 (datum) ingested and with rotor operating at 80% N, and at near stall and near
choking conditions
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5.2.3.2 Swirl distortion

Figures [5.39(a) and [5.39(b)| show the values of the mass flow average of the magnitude
of the relative flow angle change (|A_[3), defined in § with the rotor operating at
80% N, and for a rotor outlet non-dimensional mass flow (NDMF,) equal to 3.87 and
4.22-1073 kgs~'K%3Pa~!. These values corresponded to operating conditions towards
near stall and near choking operating conditions, respectively. In general, as the rotor
operability changes from near choking to near stall a reduction in axial velocity occurs.
Therefore, the influence of the swirl distortion related to the vortex ingested increased.
This condition manifested with a general increase of M observed from near stall to near

choking conditions.

Referring to Fig. the swirl distortion level for vortices ingested near stall
depended on the vortex polarity. In particular, the swirl distortion was higher for co- than
for counter-rotating vortices ingested. This outcome confirmed that the co-rotating vor-
tices contributed with the bulk swirl introduced by the rotor to increase the swirl distortion
level. Meanwhile, counter-rotating vortices ingested contrasted the swirl introduced by
the rotor and, therefore, the overall swirl distortion reduced. Note also that, for vortices
ingested near the bottom the swirl distortion was higher when ingested in co- rather than
in counter-rotating direction. This result confirmed that the swirl distortion was higher
when the vortex was mainly interacting with the wall rather than with the self-generated
distortion.

On the other hand, as the rotor operability changed to near choking conditions, the
mass flow was sufficiently high that the change in swirl distortion attributed to the vortex
was essentially independent of its polarity for vortices ingested at the centre of the intake
inlet plane and near the starboard and port edge of the intake wall (see Fig. [5.39(b)).
Meanwhile, a significant change of |AB| with the polarity was observed for vortices in-
gested near the bottom and top edge of the wall, due to the possibility of these vortices
to interact either with the self-generated distortion or simply with the wall. For these vor-
tex locations, the relative values of swirl distortion calculated for the two polarities were
consistent with that presented in §[5.1.3.2]
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Figure 5.39: Mass flow average of the magnitude of the relative flow angle change (|Af])

calculated at different locations and polarities of the vortex 1 and with rotor operating at
80% N, and near stall and near choking operating conditions
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5.2.4 Change of rotor performance

In this section, the changes of rotor performance relative to the coupled system operating
by considering the boundary conditions defined in § with respect to the clean inlet
conditions are presented. They were quantified in terms of pressure ratio (PR) versus
corrected mass flow (W,,,) as well as loss of stability pressure ratio (APRS) related with
the inlet swirl distortion expressed with the mass flow average of the magnitude of the
relative flow angle change (M). Note that, as compared with the analyses discussed in
§[5.2.2land [5.2.3] the effect of throttle setting is presented together with that of the vortex
location and polarity.

5.2.4.1 Global performance

Figures [5.40(a)] and [5.40(b)| show the rotor speedlines of pressure ratio (PR) versus
corrected mass flow (W,,,) for co- and counter-rotating vortex 1 (datum), respectively,
ingested at different locations and with the rotor operating at 80% of the rotor design
rotational speed (N;). As discussed in § [5.1.4] the ingestion of a co- and a counter-
rotating vortex in the coupled system caused a reduction and an increase of corrected
mass flow with respect to the that calculated under clean inlet conditions, respectively.
The effect of swirl distortion was generally predominant with respect to that associated to
the total pressure distortion when the vortex 1 (datum) was ingested at different locations,
as already observed at 100% N, (see §[5.1.4).

As discussed in § the highest total pressure distortion was observed for
co- and counter-rotating vortices ingested near the top and bottom edges of the duct,
respectively. For these cases, the rotor speedlines were shifted towards lower corrected
mass flow compared to that attributed to any other vortex ingested near the wall as shown
in Fig. [5.40(a) and [5.40(b)}

Regardless of the vortex location and by observing the numerical results at con-
stant pressure ratio (PR), the change of corrected mass flow with respect to the clean inlet
conditions increased as the rotor operability changed from near choking to near stall con-
ditions (Fig. [5.40). By considering the swirl distortion only, this difference was attributed
to the increase of the level of impact determined by the vortex ingested which increased
moving towards near stall.

Moreover, a comparison of the stability pressure ratio (near stall) was carried out
between a generic ingested vortex case and that relative to the clean inlet conditions. Re-
gardless of the vortex location, the ingestion of a co-rotating vortex was characterized by
lower stability pressure ratio than that relative to a counter-rotating vortex. This outcome
was essentially due to the increase and decrease of blade loading associated with the re-
duction and increase of mass flow as a co- and a counter-rotating vortex was ingested,
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respectively. In particular, for co-rotating vortices ingested near the top (i.e. prescribed at
Pr), the stability pressure ratio was relatively low compared to other co-rotating vortices
ingested (see Fig. [5.40(a)). This outcome was related to the high total pressure distortion
occurring for this vortex (see § [5.2.3.1). A similar result was expected for the counter-
rotating vortex ingested near the bottom (see Fig. [5.40(b)). For this case, however, the
stability pressure ratio was as high as that calculated for other counter-rotating vortices
ingested. Therefore, although the total pressure distortion was relatively high, the effect
of swirl distortion was more predominant.
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Figure 5.40: Rotor pressure ratio (PR) versus corrected mass flow (W,,,) with vortex 1
(datum) ingested at different locations and polarities and rotor operating at 80% Ny
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5.2.4.2 Swirl distortion correlations

Figure [5.41]shows the loss of stability pressure ratio (APRS) versus the swirl distortion
quantified with M and relative to the distorted cases presented in this section as well
as to the clean cases presented in § #.4.3] A correlation line was calculated by con-
sidering only the CFD solutions obtained on the coupled system configuration with the
rotor operating at 80% N,. Note that, the cases investigated at this rotational speed were
characterized by low values of total pressure distortion parameter (DCgg) as discussed in
§ On the other hand, the APRS calculated at 100% N, was significantly affected
by the total pressure distortion as discussed in § Therefore, the correlation line
obtained was based assumed that only the swirl distortion was affecting the rotor perfor-
mance. Additionally, the correlation was obtained by assuming that APRS was zero as
no change of relative rotor incidence occurred (|[AB| = 0°). The results showed that a
slight scatter between the correlation points with respect to the correlation line occurred
for the cases relative to the ingestion of the vortex 1 (datum) in the coupled system at dif-
ferent locations and polarities. Clearly, this was attributed to the change of total pressure
distortion amongst these cases, discussed in §@ Note, however, that according to
the amount of information provided in this work, additional CFD simulations would be
necessary to validate the correlation line obtained.

16 ‘ ‘ ‘ ‘ ‘ ‘ : :
% Coupled system, clean inlet conditions, 80% Ng4 :
14l + Coupled system, clean inlet conditions, 100% N4 + ' i
% Coupled system, co-rot. Vortex 1 ing., 80% N4 : :
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Figure 5.41: Loss of stability pressure ratio (APRS) versus the mass flow average of the
magnitude of the relative flow angle change (|AB])
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5.3 Summary

In this chapter, numerical investigations relative to the coupled system operating with
vortex ingestion have been presented. They were based on the analyses carried out on the
same system operating under clean inlet conditions (see § [)). In particular, two types of
parametric studies were considered. They included the effect of the vortex characteristics
and throttle setting on the rotor performance with the rotor operating at 100% and 80%
of its original design rotational speed (N;), respectively. For each of these analyses, the
vortex was ingested at five locations aligned with the centre of the intake inlet plane and
near the starboard, bottom, port and top edge of the intake wall. Also, both of the vortex
polarities were considered. The key messages for this chapter are summarised below.

1. The vortices ingested at the centre of the intake inlet plane remained aligned with
the intake centerline up to the AIP and introduced a centered bulk swirl which
superimposed to the intake flow field relative to the clean inlet conditions. On the
other hand, the vortices ingested near the intake wall spiraled out around the wall

itself in the same direction of the vortex as already observed by Anderson.

2. As a vortex was ingested in the coupled system, this could interact with the existing
intake flow field and, in particular, with that attributed to the self-generated distor-
tion. This interaction was significant for counter- and co-rotating vortices ingested
near the bottom and top edge of the intake wall, respectively. In these conditions,
the S-duct flow separation pattern was significantly altered. Meanwhile, the level
and extent of the flow distortion reached at the AIP were relatively high. Therefore,
compared to other vortices of the same polarities ingested at other locations, the
rotor corrected mass flow relative to these cases was lower. Moreover, for these
critical combinations of vortex location and polarity, the doubling of maximum
swirl velocity or size of the vortex caused an increase of the aforementioned inter-
action. As a result, the CFD solutions became unsteady while the operating points
of the rotor obtained presented opposite trend compared to that normally expected
for other vortex locations.

3. Vortices ingested near the wall were characterized by two zones of opposite relative
rotor incidence (Af) around the vortex. Clearly, their effects on the global rotor
corrected mass flow were opposite. Meanwhile, the rotor incidence was also altered
around the self-generated distortion mainly in a direction corresponding to that of
the vortex polarity. On the other hand, vortices ingested at the centre of the intake
inlet plane arose only a single zone of change of relative rotor incidence close to
the vortex and distributed around the whole hub annulus. As a consequence, the
change of rotor corrected mass flow was relatively high compared to that calculated
for other vortices ingested near the wall. This result could also be related to the
location of the swirl distortion along the span.
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4. For a constant rotor pressure ratio (PR), the change of corrected mass flow mainly
related to the swirl distortion caused an increase and reduction of blade loading as
co- and counter-rotating vortices were ingested in the system. As a result, the stabil-
ity pressure ratio for co- was lower than for counter-rotating vortices ingested. Also,
the stability pressure ratio depended on the magnitude of total pressure occurring
at the AIP. In particular, a significant reduction of PR was observed for co-rotating
vortex ingested near the top where the total pressure distortion was relatively high.

5. A swirl distortion-based correlation was defined between the loss of stability pres-
sure ratio and the swirl distortion measured by means of the mass flow average of
the magnitude of the relative flow angle change (M}. This correlation considered
all of the case studies obtained on the coupled system configuration unless for that
obtained under clean inlet conditions and with the rotor operating at its original
design rotational speed (V). In this condition, the DCg( reached a value which, ac-
cording to practical recommendations®’, could no longer be neglected. Compared
to the values expected on the correlation line, a scatter relative to the CFD solutions
obtained in this work was observed. This outcome was related either to the change
of total pressure distortion. A complete validation of the proposed correlation could
be obtained in further research for case studies characterized by different values of

[AB].
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Chapter 6

AIP analysis for swirl distortion

This chapter discussed the assessment of a methodology to determine the AIP for swirl
distortion on the datum NASA Rotor 67 configuration, defined in § [3.2.2] Two prelimi-
nary numerical analyses under clean inlet conditions, to ascertain the validity of the CFD
results upstream of the rotor face, are discussed. They include the validation of the shock
wave system as well as the analysis of rotor disturbances. Finally, examples of determi-
nation of the AIP for swirl distortion are reported. They were considering the ingestion
of the datum vortex, defined in §[3.4.2] at the CFD inlet domain.

6.1 Shock wave propagation analysis

In this section, the shock wave analysis is discussed. Firstly, an overview regarding the
mechanisms governing the shock wave system occurring upstream of the transonic com-
pressor rotors as well as the analytical models proposed in previous research are pre-
sented. Then, the methodology applied to extract the information of the shock waves
from the CFD results and the prediction of the shock wave system are reported.

6.1.1 Shock wave systems on transonic compressors

The requirements imposed by airlines for reducing the Specific Fuel Consumption (SFC)
and increasing the specific power of the gas turbines, have led design engineers to high
pressure ratio compressors and, then, rotational speed. For this reason, the 1% or ond stage
of aero-engine gas turbines operate usually in transonic flow regimes*¥%?. The flow field
upstream of the rotor face of a transonic compressor is characterized by a shock wave
system. Previous research was addressed to this aspect due to its effect on compressor
efficiency. Prasad*” and Chauvin et al.” confirmed that about 15 —20% of the total loss
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attributed to the rotor is due to the shock waves. Hence, it is important to accurately
capture these shock waves in CFD analysis. A lack of sufficient grid resolution in the
region upstream of the rotor leading edge would artificially dissipate the shock system
and, therefore, influence the total loss associate to the rotor®".

The axial Mach number of the flow approaching the rotor leading edge is usually
higher than that required to obtain the relative Mach number (M,,;) parallel to the stagger
angle of the blade. This is because an oblique shock wave generated from the leading
edge decreases the axial Mach number component accompanied with an increase of static
pressure’!. This oblique shock wave is the suction side part of a bow shock wave, which
propagates upstream and is also responsible of the flow distortion. Prasad et al.*’ indicates
that the shock waves propagate upstream unless supersonic axial velocities occur (Fig.

6.1)

Prandtl-Meyer
P /expansion fan .
Undisturbed
flow direction // / //

Detached bow
waves

Oblique shock
on suction side

- Supersonic flow
Subsonic flow

Merge of the oblique shock
on pressure side with the
shock in the blade passage

Figure 6.1: Shock wave system upstream of a transonic compressor rotor”!

According to Kantrowitz!, these oblique shock waves are usually detached from
the blade because of the finite thickness of the leading edge. When the shock wave is
detached enough, both pressure and suction side parts of the bow shock wave are aligned
and form a unique straight shock wave, which is the case of CFD simulations carried
out by Prasad®” on the NASA Rotor 35. Once the flow passes through the bow shock
wave and then becomes parallel to the rotor stagger angle, it must follow the curvature of
the blade suction side. The mechanism through which the flow is deflected is a Prandtl-
Meyer expansion fan, generated at the leading edge just downstream of the oblique shock
wave L. This expansion fan is characterized by a reduction of the static pressure’!. The
analysis of Prasad*’ shows that a necessary condition for periodicity in circumferential
direction is that the change in flow angle across a shock wave is exactly compensated by a
commensurate negative change in angle across its companion expansion wave. Prasad’
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also indicate the presence of another normal shock wave spanning the width of the pas-
sage, which is one of the main mechanisms through which the compression manifests.
This normal shock wave usually merges with the part of the bow shock wave located at
the blade pressure side® as shown in Fig.

6.1.2 Analytical models for shock waves propagation

The intensity of shock waves is quantified by the shock wave strength (IT). This is defined
as the ratio between the static pressure jump (p™ — p~) and the arithmetic static pressure
average (Pmeqn) manifested across the shock (Eq. [6.1).

+ _ —
n=?_~-°7 6.1)
pmean
where
_pr4p
Pmean = T

The shock wave strength (II) varies along its main propagation direction and its
distribution can be described by means of an analytical model. Referring to transonic
compressor rotors, the propagation of the shock waves occurring upstream was investi-
gated by Mendousse’? and Morfey et al.">2.

Mendousse’# developed a model to estimate the shock wave decay, using the weak
shock waves theory. This model assumed a sawtooth shock wave propagating in a 1D
quiescent flow. For this model, the distribution of the shock wave strength (IT) as function
of time (or space) requires also the specification of the speed of sound (cgp), the shock
wave length (1), the specific heat ratio () and the initial shock strength (I1y) as given in

Eq. [6.2]

co-t_ 2y (1_ 1
A _y+1(n Ho) ©2)

On the other hand, Morfey et al.”? extended the Mendousse model (Eq. elim-
inating the restriction of weak shock by using a non-linear acoustics analysis on a 2D
axial-tangential plane upstream of the rotor. Referring to Fig. [6.2] the application of this
model for a ducted rotor requires the specification of the quantities listed below.

» Shock wave angle with respect to the axial direction (¢). This is obtained from
trigonometric considerations as function of the axial, circumferential and relative
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Mach number (M, Mg and M,,;) as given in Eq. [6.3]

M.+ Mgy /M2, — 1

Mo —M /M2, —1

In turn, the tangential Mach number (Mjy) is derived from trigonometric considera-
tions as given in Eq. [6.4}

tan(9) = (6.3)

Mg =\/M?, — M? (6.4)

rel

Blade pitch (7).

Axial Mach number (M,).

Initial shock wave strength (Ilp), measured at the rotor leading edge.

Axial location upstream of the rotor leading edge (z).

Figure 6.2: Visualization of shock waves upstream of a transonic rotor at constant span
location
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Hence, the Morfey model is analytically expressed as given in Eq. [6.5]

Z 2 ?
(6.5)

_ y i 1 1
T = cos(o)sin(9) - M) (ﬁ - H_o)

+(y+1 sin(¢) >2H3

4y sin(9)—M.) T

This model was initially validated using experimental data from three supersonic
fan rotors of Rolls-Royce plc and General Electric Co'’”?. However, inaccuracies were
observed in predicting the shock wave strength. Hence, it was suggested that they were
attributed to the assumption in the model of exact uniformity of the shock wave pattern
and absence of three dimensional effects.

The same model was also validated by Prasad*? with CFD results carried out on
a 2D midspan of the NASA Rotor 35. As a result, the shock wave propagation model
was accurately predicted. Referring to the shock wave propagation model, Prasad et al. 40
concluded that the shock wave strength decays as the inverse of the axial distance up-
stream of the rotor (z~!) for supersonic flow regimes. On the other hand, the disturbances
in a subsonic flow decay exponentially. For a transonic rotor, the flow regime changes
from subsonic to supersonic along the span location. Therefore, the rotor disturbances
produced near the tip propagate further upstream than those produced near the hub. The
Morfey model was considered for this research.

In the next section the methodology applied to analyse the shock wave propagation
system as well as the validation of the shock wave system are reported. The former
corresponded to that proposed by Prasad®”. The latter was carried out on the datum NASA
Rotor 67 configuration operating at near peak efficiency operating point (see § [3.2.2.2)).

6.1.3 Methodology for shock wave propagation analysis

The shock wave propagation system upstream of the datum NASA Rotor 67 configuration
was extracted from CFD solutions of the fan rotor operating under clean conditions and
validated against the Morfey analytical model presented in § [6.1.2] Although this was
defined for a 2D and inviscid flow, Prasad*” showed that the model was still valid at a
span location where the endwall effects and the influence of the tip clearance flow can
be neglected. In the model proposed of NASA Rotor 67, no tip clearance was modelled.
Also, he confirmed that although the flow is modelled as viscous, there were no large
discrepancies on the prediction of the shock waves. This confirmed that the shock wave
is basically an inviscid phenomena.

Data extraction from CFD results Figure shows a sketch of the shock wave sys-
tem at constant blade span propagating upstream of a transonic compressor rotor operat-
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ing under clean inlet conditions. Also, the typical trend of the static pressure along the
centerline is also indicated. Hence, the static pressure was extracted from the CFD results
along a curve, called passage centerline, defined at constant span within the blade passage
as shown in Fig. [6.3] This curve lies circumferentially midway between the suction and
pressure side of the two consecutive rotor blades. Also, it extends upstream of the rotor
leading edge by keeping the slope reached at this location (o). Therefore, it draws a helix
into the space. By moving along the centreline, a steep rise in static pressure occurs each
time that a shock wave is crossed. The magnitude of this rise at a specific axial location
defines the shock wave strength (I1(z)).

Static
pressure

Axial distance

Figure 6.3: Visualization of the shock waves system upstream of the rotor blade at con-
stant span (top) and static pressure distribution along the axial location measured on the
centreline (bottom)”’*
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Inputs for the Morfey model As discussed in § [6.1.2] the shock wave propagation
model of Morfey (Eq. [6.5) requires the following input data: the blade pitch (1), the
relative and axial Mach numbers far upstream of the rotor leading edge, (M,.; and M)
and the initial shock wave strength (I1p). The Mach numbers were calculated as the mass
flow circumferential average at the inlet of the domain for a specific value of span.

Regarding the initial shock wave strength (Ilp), this was extracted at the point of
formation of the shock wave identifiable within the CFD solution. As a result of the
CFD validation relative to the datum NASA Rotor 67 configuration, the shock wave at
near peak efficiency operating conditions was relatively attached to the rotor leading edge
as presented in § [3.2.2.5] Therefore, two oblique shocks coming from the rotor leading
edge, behaving in different manners, were identified. However, the Morfey model (Eq.
[6.3)) is applicable only on the shock wave coming from the suction side and propagating
upstream of the rotor. Therefore, it was assumed that the location relative to the initial
shock wave strength (I1p) was found just upstream of the rotor leading edge as shown in

Fig. [6.4]

Static
pressure

Initial shock
wave strength

Inlet Leading edge
Axial distance

Figure 6.4: Visualization of the location relative to the initial shock wave strength (Ij)
assumed upstream of the NASA Rotor 6774

Implementation of the Morfey model into the CFD code The model of Morfey de-
fines implicitly the axial distribution of the shock wave strength (IT) upstream of the lead-
ing edge (Eq. [6.5). Since this model is non-linear, it was solved by applying a numeri-
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cal method such as that of Newton-Raphson. Once the shock wave strength distribution
(T1(z)) was calculated, the axial distribution of static pressure upstream and downstream
of the shock wave (p~(z) and p™(z)) were derived from the shock wave strength definition

(Eq. [6.1) as given in Eq. [6.6]and respectively.

P (Z) = Pmean (1 - H(Z)/z) (6.6)

P (2) = Pmean - (1 +11(2)/2) 6.7)

These two static pressure distributions represent the final output of the Morfey
model indicated in Fig. [6.3] Note that, according to Morfey model, the mean pressure
(Pmean) 1s assumed constant along the direction of propagation. However, slight varia-
tions of this quantity were observed into the CFD solution. Therefore, the mean pressure
(Pmean) 1s measured at different axial positions and then obtained along the inlet domain
by polynomial interpolation.

Estimation of the shock wave angle Referring to Fig. the following relationship
obtained by trigonometric considerations as given in Eq. [6.8]

A a
sin(T— ¢ —a)  cosa ©8)

Referring to Fig. the shock wave length (A) can be expressed in function of the
blade pitch (7) and the shock wave angle (¢) from trigonometric considerations as given
in Eq. [6.9] This expression is valid when the rotational periodicity of the flow exists.

A =1-cos(9) (6.9)

According to the definition of the shock wave length (1) (Eq. and considering
Eq. [6.8]the shock wave angle () is expressed as given in Eq. [6.10]

o= arctan(g —tano) (6.10)
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Figure 6.5: Visualization of the shock waves length along the axial direction (a) and
perpendicular to shock wave direction (1)

6.1.4 Validation of the shock wave system

The shock wave propagation upstream of the NASA Rotor 67 was initially validated by
Fernandez’# on a 2D midspan CFD domain of the NASA Rotor 67 operating at near peak
efficiency (see § [3.2.2.5). He conducted a grid dependency study and observed that six
mesh elements per cm were sufficient to capture accurately the shock wave system.

Nevertheless, it was necessary to carry out the same analysis on the 3D CFD domain
of NASA Rotor 67 defined in § 3.2.2.3]to account for the curvature and endwall effects
occurring into the rotor. At near peak efficiency condition, the relative flow upstream
of the rotor evolves from subsonic to transonic regime, by moving from hub to shroud.
Therefore, according to the design rotational speed, the shock wave pattern is only no-
ticeable above 40% of blade span. Figures [6.6(a)l and [6.6(b)| show the static pressure
distribution normalised against the mass flow circumferential average value at the inlet
(p/Po.in) measured on the centreline and plotted versus the axial position (z/s) for 50 and
75% of blade span, respectively. At these blade span locations the flow is already in tran-
sonic regime. As a result, the Morfey shock wave propagation model predicted accurately
the shock wave system relative to the NASA Rotor 67 operating at near peak efficiency.
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Figure 6.6: Normalised static pressure (p/p;,) versus the axial position (z/s) measured
on the centerline at near peak efficiency operating point of NASA Rotor 67
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6.2 Rotor disturbances analysis

Non-uniform flow field was observed upstream of the rotor face, even by considering
clean inlet conditions. Therefore, the rotor disturbances were also analyzed. These were
quantified by means of the non-dimensional standard deviations of static pressure and tan-
gential velocity component ((p’)* and (V)*), defined in § This analysis considered
the effects of both the throttle setting and rotational speed, presented below.

The throttle settings effect Figures [6.7(a) and [6.7(b) show the distributions of stan-
dard deviations of static pressure ((p’)*) and tangential velocity components ((V})*), re-
spectively. These were calculated at several cross flow planes defined upstream of the
rotor face. Also, the rotor operates at its original design rotational speed and at near stall
and near choking conditions. As a result, the rotor disturbances persist up to the CFD
inlet plane in a similar manner, by indicating that they were intercorrelated. Note that the
spatial fluctuations of tangential velocity ((V4)*) reach zero at the CFD inlet plane due to
the nature of the boundary conditions imposed at this plane (see § [3.2.2.5). As the rotor
operating conditions change from near choking to near stall, the axial Mach number (M;)
reduces. Therefore, the shock waves propagate further downstream of the rotor face, by
becoming predominant with respect the subsonic disturbances. As consequence, the spa-
tial fluctuations assume a ’wave-like’ form along the axial direction. This result agrees
with the result of Prasad, who indicated that subsonic disturbances decay exponentially,
hence faster than the shock wave system which decays as function of z~!.

The rotational speed effect Following the outcomes of the throttle settings analysis
presented above additional numerical investigations of the rotor disturbances were con-
ducted considering only the stall points for different rotational speeds: 60%, 70%, 80%
and 90% N,. Figures and show the distribution of static pressure ((p')*)
and tangential velocity components ((Vy)*), respectively, along the axial position (z/s)
and relative to the aforementioned rotational speeds. As a result, it was observed that up
to 70% N, the rotor disturbances were not significant and propagate slightly upstream,
up to z/s = 0.3. A further increase of rotational speed up to 80% N, induced an increase
of the rotor disturbances. Meanwhile, the inception of transonic regime occurs near the
tip, since the sonic relative Mach number is reached at 97.6% of the blade span. For this
reason, the spatial fluctuations start also to oscillatedue to the presence of shock waves
which suddenly changed the static pressure (see § [0.1.4). A further increase of the rota-
tional speed up to N, caused the transonic disturbances to become more predominant and,
therefore, the spatial fluctuations oscillate strongly along the axial location.
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Figure 6.7: Non-dimensional standard deviations versus axial position (z/s) with rotor
operating at 100% N, near stall and near choking conditions
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6.3 Examples of determination of the AIP location

The determination of the AIP location for swirl distortion was accomplished with CFD
simulations carried out on the NASA Rotor 67, defined in § [3.2.2.3] The relative results
were directly compared to that provided by the SAE5686" for a similar upstream config-
uration. Referring to this configuration, the shock wave propagation analysis at near peak
efficiency and the rotor disturbances were carried out and are presented in the previous
sections.

The AIP location was determined for two rotor operating conditions: 100% N, near
peak efficiency and 80% N, near stall, where the rotor outlet static to inlet total pressure
ratio was equal to pou/Poin = 1.244 and 1.125, respectively. At the inlet of the CFD
domain the datum vortex, defined in § @], was prescribed at 25, 50, and 75% of the
blade span and by following the methodology described in §[3.4.1]

According to the inlet boundary conditions specified above, a flow field particularly
distorted is also expected downstream of the trailing edge. Longley et al.®!' indicated that
the length scale of the inlet flow distortion is as large as the mean radius of the compressor
system. Therefore, the rotor outlet was extended up to three times the hub rotor trailing
edge in order to redistribute the flow up to the rotor outlet as much uniformly as possible.

Hence, CFD calculations were conducted with distorted inlet boundary conditions
where the whole CFD domain was modelled in a rotating frame of reference. The exe-
cution of steady-state calculations implied that the inlet boundary conditions rotate at the
same angular velocity of the rotor without remaining in a fixed position with respect to an
absolute observer. Instead, by performing the CFD simulations using an unsteady-state
approach, it was possible to impose the inlet boundary conditions counter-rotating against
the sense of rotation of the rotor and the same angular velocity of the rotor itself. In this
manner, the inlet boundary condition was fixed with respect to an absolute observer. Com-
pared to steady-state (RANS), the assessment of the unsteady-state (URANS) simulations
required also the specification of the time resolution. From practical experience matured
during the doctoral research it was confirmed that CFD results sufficiently accurate were
achieved with a time resolution of two timesteps per degree of rotor revolution.

6.3.1 Time dependency analysis

The application URANS CFD solutions for the determination of the AIP location involved
the rotor to cut through the vortex once this was convected to the rotor face. Clearly, at
different time-steps the blade passage will be at a different azimuthal position relative
to the vortex centre. Therefore, the approaching distortion may be affected by the rotor
disturbances analyzed in § this relative phase of the blade passage and vortex. As a
first step, the sensitivity of the non-uniform flow field, including the vortex upstream of
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the rotor, was assessed at different time-steps where the rotor leading edge is at different
positions across the vortex diameter. The relative phase position of the vortex to the rotor
passage was measured with the non-dimensional vortex angular location relative to that

of the blade passage ((Ay)™), expressed in Eq.

Y—%
Ay = (6.11)

where v and y are the angular vortex locations at a generic time-step and that of ref-
erence, respectively. Whereas Ay, is the angle extent relative to the single blade passage.
For NASA Rotor 67, having 22 blades, Ay, = 16.36°.

Thus, the flow field distortion was quantified in terms of non-dimensional standard
deviation of the static pressure ((p')*) upstream of the rotor face. As a result, the CFD
solution upstream of the rotor face was not time dependent (Fig. [6.9) and, therefore, for
the unsteady calculations it was sufficient and appropriate to evaluate the AIP metrics at
just a single time-step.
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Figure 6.9: Non-dimensional standard deviation of static pressure ((p’)*) versus the axial
position (z/s) for different non-dimensional vortex angular location relative to that of the
blade passage (Ay*) with the datum vortex prescribed at 50% of blade span and rotor
operating at 80% Ny and p,,/ Poin = 1.125 (near stall)
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Determination of the AIP location The establishment of the AIP for swirl distortion
considered the evaluation of the non-dimensional standard deviation of tangential veloc-
ity component ((Vé)*) upstream of the rotor face as shown in Fig. m The details
relative to the boundary conditions are defined in § [6.3] As the vortex moves towards
the rotor face, the rotor disturbances analyzed in the previous section should affect the
aerodynamics of the vortex being ingested. However, the vortex defined in this research
was sufficiently strong to remain unaffected by the rotor disturbances themself. This
assumption was considered valid since the level of standard deviations calculated in dis-
torted conditions were an order of magnitude higher than that associated with the rotor
disturbances calculated under clean inlet conditions (see § [6.2)).

2 ---80%]\703, NS - Vo‘rt‘ at ‘25% of bladé Span‘
20! ---80% N4, NS - vort. at 50% of blade span
---80%Ng, NS - vort. at 75% of blade span
187_100%Nd’ NPE - vort. at 25% of blade span
—100% N4, NPE - vort. at 50% of blade span
L 16-_100%Nd’ NPE - vort. at 75% of blade span
A ® AIP location
s
14
121
101

Figure 6.10: Non-dimensional standard deviation of tangential velocity component
((Ve’) *) versus the axial position (z/s) with indication of the AIP location

As a result, the vortex flow field evolves from the CFD inlet domain up to the rotor
face and, consequently, by moving forwards three zones were identified (Fig. [6.11). As
the vortex, modelled as incompressible, starts to travel downstream it adapts itself to the
flow modelled as compressible. This manifests with a stabilization of the distortion level
towards a constant value (zone 1). Then, the amount of distortion level remain constant
within a specified margin (zone 2). Finally, the distortion level increases since the rotor
disturbances become predominant (zone 3). Conventionally, the location of the AIP was
that where the distortion level relative to the zone 2 was higher than a percentage of its
value (8) by moving towards the rotor face. For the current work, it was imposed 6 = 5%.
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As a result, the AIP location, indicated in Fig. [6.10] was essentially independent of the
vortex location along the blade span.

Distortion
level

Upstream subzones

1. Rotor influence

o

2. Constant distortion level

3. Source distortion adaption

Upstream axial position

Figure 6.11: Schematization of the distortion level upstream of the rotor face

As discussed in § the SAE S-16 Committee'l® declared that for engines without
IGVs the AIP for the total pressure distortion should be located at 1.5 fan diameters
upstream of the rotor face. On the other hand, the numerical investigations conducted
in the current research confirmed that for the worst scenario, the AIP for swirl distortion
was located at 0.18 fan diameters upstream of the rotor face. Therefore, the recommended
AIP declared for total pressure distortion resulted to be much more conservative than that
found in this research for swirl distortion. The author concluded that a much shorted inlet
duct could be used in experiments to measure effectively both total pressure and swirl
distortion. However, this would require the determination of the AIP for the total pressure
distortion by adopting a CFD approach for the specific case investigated.

6.4 Summary

In this chapter, the validation of the shock wave propagation system upstream of the rotor
face against the Morfey analytical model has been presented. This was carried out on the
datum NASA Rotor 67 configuration operating at near peak efficiency operating point.
Moreover, the rotor disturbances upstream of the rotor face were analyzed under clean
inlet conditions and for different throttle settings and rotational speeds. They were evalu-
ated in terms of spatial fluctuations of static pressure and tangential velocity component.
As a result, the rotor disturbances propagated further downstream by moving towards
near stall operating conditions. Meanwhile, as the rotational speed increased, the tran-
sonic disturbances became predominant and decaied less. Based on the results relative to
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rotor disturbances, the AIP was determined on the datum NASA rotor 67 configuration
operating at 80% N, near stall and 100% N; near peak efficiency. The datum vortex, de-
fined in § [3.4.2] was prescribed at the CFD inlet plane and for three span locations. The
AIP location was determined by considering the trend of spatial fluctuations of tangential
velocity components. According to the characteristics of the vortex ingested, the rotor dis-
turbances could be neglected. As a result, the AIP identified for the swirl distortion was
less conservative with respect to that relative to the total pressure distortion suggested
by the SAE S-16 Committee!®. Therefore, it was concluded that a much shorted inlet
duct could be used in experiments to measure both total pressure and swirl distortion.
However, this would require the determination of the AIP for total pressure distortion by
assessing a CFD-based methodology similar to that considered in this research for the
swirl distortion.



Chapter 7

Conclusions

In this research, a comprehensive analysis of the effect on a fan rotor performance of inlet
flow distortion attributed to an S-shaped intake and combined with that of an ingested vor-
tex has been accomplished. For this purpose, a purely numerical coupled system S-shaped
intake/fan rotor configuration was defined in this research (see §[3.2.3). This was obtained
as a combination of the CFD domains defined for RAE S-shaped intake 2129 scaled up to
the size of NASA Rotor 67 and the NASA Rotor 67 itself. In addition, a methodology to
determine the AIP location for swirl distortion has been assessed. This was applied on the
datum NASA Rotor 67 configuration operating with a vortex prescribed at the CFD inlet
plane. The key findings of the overall research are summarised in the following sections.

7.1 Coupled system analysis: clean inlet conditions

Numerical analyses were carried out on the flow field calculated across the coupled system
operating under clean inlet conditions and with the rotor running at 80% and 100% of its
original design rotational speed (N;). The main findings relative to this part of the research
are listed below.

* The replacement of an annular with an S-duct configuration upstream of the rotor
face caused a reduction of the rotor pressure ratio, isentropic efficiency and cor-
rected mass flow. Meanwhile, the near stall operating point was reached for higher
values of mass flow with respect to that relative associated with an annular upstream
configuration. These changes were related to the combination of both total pressure
and swirl distortion occurring at the AIP within the self-generated separated zone.
Referring to the swirl distortion, this caused a redistribution of the rotor relative
Mach number and, therefore, a localised blade overloading occurring in the co-
rotating region of the self-generated distortion. On the other hand, the reduction of
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isentropic efficiency was mainly caused by the presence of more pronounced shock
waves occurring in the counter-rotating region of the self-generated distortion. Fi-
nally, the reduction in terms of corrected mass flow was attributed to a mass flow
blockage caused by a large separations. These were induced by the shock waves
occurring along the whole span in the counter-rotating region of the self-generated
distortion.

* Loss of stability pressure ratio and inlet swirl distortion at the AIP were calculated
for the two rotational speed investigated. The loss of stability pressure ratio was
quantified according to the methodology proposed by ARP 14201, Meanwhile,
the inlet swirl distortion was quantified by means of the mass flow average of the
magnitude of the relative flow angle change (|E|) and the arithmetic average of
non-dimensional streamwise peak vorticity (@7 eq,)- According to the first pa-
rameter, the swirl distortion remained essentially constant as the rotational speed
increased between 80% and 100% N,, while the loss of stability pressure ratio
increased significantly. Instead, according to the second parameter, the swirl distor-
tion increased with the rotational speed and in the same manner relative to the total
pressure distortion. Following practical recommendations®”, the total pressure dis-
tortion reached at high rotational speed could no longer be neglected. Therefore, it
was concluded that for a coupled system similar to that proposed in this work a pos-
sible correlation between the loss of stability pressure ratio and the flow distortion
would generally require the specification of both total pressure and swirl distortion.

7.2 Coupled system analysis: vortex ingestion

For the first time, the analysis of the effect on a fan rotor performance related to the flow
distortion attributed to an S-shaped intake combined with that of a tightly-wound vortex
at the AIP has been accomplished. For this purpose, CFD calculations were carried out
on the coupled system operating with a vortex ingested at five different locations of the
intake inlet plane and for the two polarities. In these conditions, the effects of both vortex
characteristics and throttle setting on rotor performance were investigated at 80% and
100% N, respectively. In this section, the effects relative to vortex location and polarity,
vortex characteristics and throttle setting are discussed separately.

7.2.1 The effect of vortex location and polarity
The effect of vortex location and polarity were analyzed by considering the ingestion of

vortex 1 (see § [5.1.1)) at constant throttle setting conditions and for both of the afore-
mentioned rotational speeds. In particular, the vortex was ingested at the centre of the
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intake inlet plane, and near the starboard, bottom, port and top edge of the intake wall.
The results obtained at each rotational speed were qualitatively similar, although a direct
comparison of the relative results could not be accomplished due to the different throttle
setting conditions. The key findings relative to this part of the research are summarized
below.

* The interaction between the ingested vortex and the self-generated distortion was
significant to establish the level of both total pressure and swirl distortion. This
depended on vortex location and polarity. In particular, for co- and counter-rotating
vortices ingested near the top and the bottom, respectively, the DCgo reached the
highest values. Compared to other vortex locations, this condition caused an signif-
icant shifting of the compressor performance curves towards lower mass flows as
expected when total pressure distortion occurs alone.

* As a co- and a counter-rotating vortex was ingested in the system, the rotor cor-
rected mass flow decreased and increased, respectively. Therefore, the effect rela-
tive to the change in swirl distortion was predominant with respect to that attributed
to the change in total pressure distortion attributed to the vortex ingestion.

* The vortices ingested near the intake wall, arose at the AIP two opposite zones of
change in relative rotor incidence (Af) close to the perturbation of the vortex itself
and their effects on the rotor global performance were contrasting. Meanwhile,
values of Af in the same direction of the vortex ingested occurred around the self-
generated distortion. Overall, the predominant effect was coincident to that relative
to a bulk swirl imposed in the same direction of the vortex ingested. On the other
hand, the vortices ingested at the centre of the intake inlet plane arose at the AIP
a zone of unique sign of Af close to the vortex perturbation i.e around the whole
hub region of the rotor. Meanwhile, values of A were observed in both direction
around the self-generated distorted zone. As a result, the change in corrected mass
flow was relatively high.
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7.2.2 The effect of vortex maximum swirl velocity and size

Three different vortices were ingested in the coupled system configuration with the rotor
operating at 100% N;. They were a datum vortex and other two obtained by doubling
either the maximum swirl velocity and size of the datum vortex itself. The main findings
relative to their effects on the flow distortion and fan rotor performance are listed below.

* The increase of either the maximum swirl velocity or size of the vortices ingested
near the wall caused an increase of the angular shift of its perturbation at the AIP.
The magnitude of this shift was the same for the two aforementioned vortices.
Hence, it was considered valid the method of images since for both of the vor-
tices ingested the distance from the wall as well as the vortex circulation remained
unchanged.

* The increase of either the maximum swirl velocity or size of the vortex caused an
increase of the flow distortion extent at the AIP. The total pressure distortion, mea-
sured by means of DCjyy reduced or increased according to the interaction level
with the self-generated distortion as well as the possibility for the vortex to affect
the pressure recovery (7). Regarding the swirl distortion, a general increase of the
mass flow average of the relative rotor incidence (|AB|) was observed as the afore-
mentioned vortex characteristics increased. The magnitude of this increase was
attributed to the interaction of the vortex with the self-generated distortion or with
the intake wall. Overall, it was found that the strongest interaction occurred as ei-
ther counter- and co-rotating vortices were ingested near the bottom and top edge of
the intake wall. Therefore, the increase of the aforementioned vortex characteristics
caused unsteadiness on the CFD solutions.

7.2.3 The effect of throttle setting

The analysis of the throttle setting was conducted on the coupled system proposed in this
research with the rotor part operating at 80% Ny;. The main findings relative to this part
of the research are listed below.

* At constant pressure ratio, as the rotor operability changed from near stall to near
choking, the change of rotor corrected mass flow caused by the vortex ingestion
reduced. By assuming negligible the change of total pressure distortion, this reduc-
tion confirmed that the effect of the swirl attributed to the vortex reduced due to the
increase in axial velocity.

* For a constant pressure ratio, an increase and reduction of blade loading was in-
duced by a reduction and increase of the corrected mass flow associated with the
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ingestion of a co- and a counter-vortex, respectively. Consequently, the stability
pressure ratio with respect to that relative to the clean inlet condition decreased and
increased, respectively. A more pronounced reduction of the stability pressure ratio
was relative to the co-rotating vortex ingested near the top edge of the intake wall,
where the DCg( reached the highest value between the co-rotating vortices.

* The Loss of stability pressure ratio and the swirl distortion at the AIP were calcu-
lated for the cases relative to this analysis. Referring to the swirl distortion, this
was measured with the mass flow average of the magnitude of the relative flow an-
gle change (|E|). Then, a swirl distortion-based correlation line was obtained and
a scatter relative to the CFD data obtained in this work was attributed to the change
in total pressure distortion.

7.3 AIP analysis for swirl distortion

A methodology to determine the location of the AIP for swirl distortion was assessed.
This consisted of three different analyses which were sequentially applied as presented
below.

* Validation of the shock wave system propagating upstream of the rotor face against
an analytical model proposed by Morfey. This step was carried out at near peak
efficiency operating point of the datum NASA Rotor 67 configuration. The analysis
was successfull after the accomplishment of a grid dependency study relative to the
part of the CFD domain upstream of the rotor itself.

* Rotor disturbances propagating upstream of the rotor itself were investigated by
means of spatial fluctuations of static pressure and tangential velocity component.
For this purpose, CFD simulations were performed within the rotor operability at
different rotational speeds. The results showed that the disturbances propagate fur-
ther upstream as the rotor operability moved towards near stall operating condi-
tions. Moreover, as the rotational speed increased, the transonic disturbances be-
came more predominant by decaying slower than subsonic disturbances.

* Finally, examples of determination of the AIP for swirl distortion were carried out.
They were relative to the datum NASA Rotor 67 configuration, defined in §[3.2.2.3]
with the rotor operating at near peak efficiency and near stall conditions for 100%
and 80% of the rotor design rotational speed (N,), respectively. Meanwhile, a da-
tum vortex was prescribed at the CFD inlet plane and for 25, 50 and 75% of the
blade span. The trend of spatial fluctuations of the tangential velocity component
(Vg) was used as criteria to establish the location of the AIP. According to the char-
acteristics of the vortex ingested, the rotor disturbances could be neglected with
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respect to that attributed to the vortex itself. The results showed that the AIP for
swirl distortion was essentially independent of the vortex location along the span.
Moreover, compared to the AIP location provided by the S-16 Committee® for to-
tal pressure distortion, that indicated in this work for swirl distortion resulted much
less conservative. Hence, it was concluded that shorter upstream ducts than that re-
quired for total pressure distortion could be applied. This, however, would require
the assessment of a methodology to determine accurately the location of the AIP
for total pressure distortion.

7.4 Recommendations for future work

This research provides a qualitative and quantitative study on the effect of the flow dis-
tortion attributed to an S-shaped intake, tightly-wound vortex and their combination. Al-
though several aspects have been numerically analyzed, there are a number of relevant
issues which are outlined below.

1. Improvement of the CFD domain defined for the coupled system configuration (see

§ [3.2.3) with the implementation of a conv.-div. nozzle placed downstream of the
rotor trailing edge and operating in supersonic outlet conditions. In this manner,
the rotor operating point would correspond to the intersection between its speed-
line and the curve characteristics of the nozzle. Therefore, the change of the rotor
operability would be obtained by varying the minimum cross-section of the noz-
zle. Previous numerical research ' confirmed that this modification would allow a
better prediction of the rotor stall onset.

Improvement of the swirl descriptor proposed in this work (JAB|) in order to take
into account the sign and the location of the change in incidence relatively to the
span location.

. Improvement of the definition of the stability pressure ratio. As defined in §[3.3.9

this parameter was based on flow quantities averaged on the whole annulus. On the
other hand, the self-generated distortion of the duct, eventually combined with that
of the vortex ingested, are local phenomena. Therefore, a local compressor stall
onset may occur before the prediction of that considered in this work.

Implementation of the tip clearance on the rotor relative to the CFD configuration
of the coupled system. This would imply a reduced and more realistic operability
range of the fan rotor due to the presence to the leakage vortex which creates a
source of blockage”®. However, this feature will require more computational power
since an additional numerical interface will be placed in the tip region of each rotor
blade.
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5. Assessment of URANS calculations to investigate the time dependency of the inlet
flow distortion and the relative effect on the turbomachinery.

6. Numerical investigation of coupled systems made up by adopting more realistic
intake geometries where the cross section shape changes along the axial direction.
The inlet S-duct of the F/A-18 aircraft is an example.

7. Assessment of a methodology to identify the location of the AIP for total pressure
distortion by using CFD. This analysis may indicate a location of the AIP for total
pressure distortion less conservative with respect to that provided by the SAE S-16
Committee'!® for conventional aircraft inlets. Hence, by considering the analysis of
the AIP for swirl distortion conducted in this work, a common AIP valid for both
total pressure and swirl distortion will be defined more accurately.

8. Realization of experiments finalised to validate the CFD solutions conducted on the
coupled system configuration. As discussed in § 4.1} the increase of the Reynolds
number due to an increase of the model scale causes a decrease of the flow distortion
parameters up to 4% only. Therefore, these experiments could be conducted on a
original scale model and, consequently, costs could be reduced drastically.
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Appendix A

Flow descriptors

In this appendix, the flow descriptors already defined in the literature which are relevant
for the current research are presented. They are the total pressure distortion parameter
(DCg) and the swirl descriptors proposed by the SAE S-16 Committee'®: swirl intensity,
swirl directivity and swirl pairs.

A.1 Total pressure distortion parameter

The total pressure distortion parameter (DCgp) is defined as the difference between the
area weighted averaged total pressure at the AIP (I_JOAIP) and the minimum 60° sector
pressure normalised by the averaged dynamic head in the intake duct (Eq. |A.1)7>

P —P
DCep — 0,41P — £0,60 (A1)

=2
2PV
This parameter was introduced by Rolls-Royce and used extensively in the Euro-

pean figher programs Tornado and Eurofighter. However, this parameter is limited to
one-per-revolution circumferential total pressure distortion”.

A.2 Swirl descriptors

The swirl descriptors allow the comparison of swirl distortion pattern between different
inlet systems during the design and development phase, by establishing limits of accept-
ability. They are the tools to transfer information taken from test bed and numerical
simulations to introduce changes to improve the design. Additionally, these parameters
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allow the correlation of the inlet swirl distortion occurring at the AIP with the change in
performace relative to the compressor.

The SAE S-16 Committee'® proposed swirl descriptors, based on the swirl angle
(a) which is defined in § The swirl descriptors are defined relatively to a coordinate
system having the centre defined at the centre of the AIP with positive rotational direction
coincident to that of the rotor. Referring to Fig. [A.T] two flow quantities can be defined:
swirl extents and sector swirl.
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Figure A.1: Visualization of an idealized two-per-rev swirl pattern (left) and swirl angle
(o) along the circumferential location relative to the " ring (right)1©

Swirl extents The positive and negative swirl extent (91.*,'( and 6;,) are defined as the
total circumferential extent of the positive and negative swirl region calculated at the i
ring and relative to the k&’ swirl pair. These parameter account for the portion of positive
and negative swirl.

Sector swirl The positive and negative sector swirl (SS;“k and SS;,) are defined as the
integral average of the absolute swirl angle (o) of the positive and negative swirl regions
(6;7{ and 6;,) at the i ring and relative to the k' swirl pair, as given in Eqns. |A.2|and

1
SS?,Lk = or /@+ a(0);,de (A.2)
ik 7 Vik
1
S5 = 5= /9 o(6);.d6 (A3)
i,k ¥ Vik

The definitions of the aforementioned parameters enable in turn that of three swirl

descriptors, where their combination identify univocally the swirl distortion pattern’®.
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These are the swirl intensity (SI), swirl directivity (SD), and swirl pairs (SP), presented
below.

A.2.1 Swirl intensity

The swirl intensity (SI) is defined for a i ring as the integral average of the swirl angle
magnitude which extends uniformly throughout the circumferential domain.

_ Yl SS;,rk : Gi—,il_c + ‘SSiTk‘ ) 9i§<

360 (A4

SI;

A.2.2 Swirl directivity

The swirl directivity (SD) is a numerical indicator of the predominant swirl direction with
respect to that of the compressor at the '’ ring, as given in Eq.

o Y1 SS 6+ S8, 0,
I — _ _
i1 S8 0 1SSl -6,

(A.5)

This parameter is comprised between —1 < SD < 1. At the values 1 and —1 corre-
spond the pure co- and counter-rotating bulk swirl, respectively. Meanwhile, the value 0
corresponds to a symmetric swirl distortion pattern (Fig. [A.2).
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[ |
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Figure A.2: Swirl directivity spectrum for two-per-rev swirl distortion'!
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A.2.3 Swirl pairs

The swirl pairs (SP) is a numerical indicator of equivalent number of swirl pairs at the i

ring (Eq. [A.6).

YL SS 65 +SS, -6
SP,': k=1 ik ik (A6)

2-Max [(SS;F,C 9,2) (|SSi,k| ‘ 9i,k>]

For two-per-rev swirl pattern, the swirl pairs is comprised between 0.5 and 2 to
which correspond the pure bulk swirl and two paired twin swirl, respectively (Fig. [A.3).
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Figure A.3: Swirl pairs spectrum for two-per-rev swirl distortion'®



Appendix B

Ground vortex

In this appendix, the analytical models proposed in this research to define a vortical flow
representative of the ground vortex are presented. Then, the key non-dimensional param-
eters defined to identify the formation mechanisms and calculate the strength of the vortex
are presented. Finally, the procedure assessed by Murphy2? to calculate the strength of
the vortex is described in detail.

B.1 Vortex model theory

In theory, a vortex is defined as a rotating flow with a central viscous vortical region,
surrounded by a potential flow””. The flow field attributed to the vortex is characterized
by tangential, axial and radial velocity distributions, defined in a polar coordinate system
with the origin located at the vortex centre, V=(V,, Vy,V.). Consequently, a static pressure
perturbation due to the high tangential velocities occurs. Then, a total pressure loss occurs
due to the increase of entropy associated with the generation and convection of the vortex.
Figure shows a typical distribution of tangential velocity defined with respect to the
vortex centre. Within the vortex core, the tangential velocity increases up to a maximum
at a distance from the vortex centre called as vortex core radius (r.). The velocity dis-
tribution in the core region is directly proportional to r, that is, of a solid body rotation.
Beyond the core, the velocity merges into a potential vortex-type flow, with the tangential
velocity inversely proportional to . On the other hand, the axial velocity perturbation
can range from negative to positive values. For instance, wing-tip vortices are character-
ized by deficits up to 15%7% and excesses up to 77%"? of this perturbation. Finally, a
radial velocity perturbation exists, which is normally an order of magnitude smaller than
tangential and axial velocity perturbations. For the case of an axial velocity deficit and
excess, the radial velocity is negative and positive, respectively.
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Figure B.1: Tangential velocity distribution attributed to a vortex”/

CFD simulations®” confirmed that the magnitude of the axial velocity perturbation

has a significant effect on the vortex growth and decay. In particular, a large axial veloc-
ity perturbation generates turbulence inside the vortex core, and leads to redistribution of
angular and axial momentum from the core to the surrounding flow. For high rotational
velocities, the vortex core flow re-laminarizes, and reverts to a more stable condition.
Therefore, the axial velocity perturbation reduces in magnitude, while the tangential ve-
locity increases. The Rossby number, which is the ratio of the axial velocity perturbation
to the peak tangential velocity, can be used to provide an indication of this stability. In
particular, a Rossby number below 1 results in a laminar core’®, As the vortex convects
downstream, only laminar diffusion occurs. This helps explaining the slow decay of tip
vortices 7581, Based on that, the axial velocity perturbation should be considered in CFD.

In this work, the vortex was assumed axisymmetric and incompressible, while the
total temperature was assumed constant. Following these assumptions, a number of vortex
models exist, such as the Rankine and Lamb-Oseen models, which generate the tangential
velocity profile of a laminar vortex. However, a more recent vortex model which is also
in agreement with the nature of the ground vortex2? is that proposed by Vatistas® where
the tangential velocity distribution is given in Eq. (B.I). This distribution is generated as
a function of radius from the vortex centre (r) by using the vortex circulation (I'), core
radius (r.) and the Vatistas model constant (n). The value of n is an integer which depends
on the application. Experimental observations confirmed that n = 1 and 2 are suitable for
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ground vortices® and wing-tip vortices®>%3, respectively.
r r
Vo(r) = — | —— B.1
o(r) 27 | (2 g )] (B.1)

This model, however, assumes the absence of axial or radial velocities perturbations
as also expected for that of Rankine and Lamb-Oseen. On the other hand, these velocity
perturbations were assumed following analytical expressions proposed by Bhagwat et
al.®3 relative to wing-tip vortices. They were derived using small-perturbation analysis to
linearize the Navier-Stokes equations. Hence, by assuming the Vatistas tangential velocity
distribution Eq. as a solution to the linearized equations, the radial and axial velocity
distributions are expressed as given Eqgs. (B.2) and (B.3). Note that the constant A is
related to the axial momentum across the wake®% while z is the distance downstream
of the wing-tip trailing edge. In particular, the sign of A dictates whether the distribution
is for an excess or a deficit. A positive or negative value of A generates a deficit or an
excess, respectively. Hence, the ratio A/z is the axial velocity perturbation magnitude
relative to the vortex centre.

A 2
Vi(rg) = -5 [1-——— (B.2)
2z (rgn +r2n);
A 2
Va(rz) =Ve— = |1 — (B.3)
1
¢ (rd" 4 r2)

The static pressure distribution is derived from the radial momentum equation, sim-
plified with respect to the assumptions introduced by Vatistas et al.®% (Eq. [B.4)

Vi 19dp

r= o (B.4)

Then, the integration of Eq. obtained by considering the expression of the
Vatistas tangential velocity (Eq. (B.I) provides the static pressure distribution relative to
the ground vortex case (n = 1) as given in Eq. (B.5).

2 2
_ _ B I re
P= P 2 {ZErJ {rg—l—rz} (B.5)
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Since the vortex is assumed to be within an incompressible flow, the total pressure
is calculated according to Bernoulli as given in Eq. (B.6).

1
Py=p+5p (Vg +VZ+V2) (B.6)

B.2 Vortex strength and formation mechanisms

The characteristics defining a ground vortex depend mainly on three non-dimensional
parameters: velocity ratio (U*), ground clearance (h/D;) and the yaw angle (y). The
velocity ratio (U*) is the ratio between the massflow averaged velocity measured at the
at the intake highlight plane(V ), and the wind velocity (U.). The ground clearance
(h/Dy) is the ratio between the minimal distance of the engine from the ground (%) and
the intake highlight diameter (D;). This parameter represents the non-dimensional height
of the inlet above the ground and is also mostly considered in industry. Finally, The yaw
angle (y) is that defined between the direction of the engine axis and that of the wind. The
combination of these non-dimensional parameters defines the formation mechanism and
the strength of a ground vortex. Both of these aspects are presented in the next sections.

B.2.1 Vortex formation mechanisms

According to the dominant vorticity of the vortex, two mechanisms of ground vortex
formation have been identified till date. They are applicable under quiescent or headwind
conditions and crosswind conditions, respectively.

Quiescent and Headwind Mechanisms Under quiescent (no-wind) conditions the swirl
pattern at the intake inlet is unsteady due to the complexity of the flow field. In fact, the
flow coming from far downstream interact with that far upstream of the engine. Initially,
two counter-rotating vortices appear. However, only one of these vortices become domi-
nant with the time. After this change, the flow no longer changes its configuration. Studies
on vortex formation under quiescent conditions have been reported so far by Brix et al.®>
conducted only a qualitative study about the vortex formation. Afterwards, Murphy%
predicted experimentally the formation of this vortex. Referring to Fig. [B.2] the quies-
cent mechanism (no-wind) occurs for velocity ratios U* > 20, where the flow pattern is
characterized by two counter-rotating vortices with a circulation that remains almost con-
stant. As the velocity ratio (U*) goes below 19, the formation mechanism is in headwind.
Hence, the swirl configuration goes from two counter-rotating vortices, relative to quies-
cent condition, to still to counter-rotating vortices with higher strength that the previous
case. The vortex pattern associated with the velocity ratio is shown in Fig.
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Figure B.2: Transition from quiescent to headwind conditions showing the vortex pat-
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Crosswind Mechanism This is a mechanism characterized by the presence of a single
vortex. Its intensity increases with the yaw angle (y) up to three times that of the head-
wind condition®? when ¥ = 90°. For this reason, the presented research is based on this
mechanism of formation.

B.2.2 Prediction of the vortex circulation

Fig. shows the flow chart regarding the methodology introduced by Murphy %3 to
calculate the vortex strength in terms of non-dimensional circulation (I'™*). This is defined
as the vortex circulation (I') non-dimensionalized by the mass flow averaged axial velocity
measured at the intake inlet (V;,) and the intake highlight diameter (D) as given in Eq.

B.7

r

F* =
Dl : Vz,in

(B.7)
In headwind conditions, trend of non-dimensional circulation (I"*) versus the veloc-

ity ratio (U™) is characterized by the critical velocity ratio (U};,) and that corresponding
to its maximum value (U,;,,) as shown in Fig.

The critical velocity ratio (U},,) is a function of the ground clearance (4/D;) and
represents the velocity ratio at which the sucked streamtube lifts off the ground plane.

This value is calculated from the mass flow conservation, as given in Eq.

U; D, b D\
ro=(2m) =4.p* - B.8
. <U°°>crit P (Din Dl+2Din) 8
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Murphy?? confirmed that the critical velocity ratio (U} ,) is such that U = U* . /U .. =

0.65. Also, he related the maximum non-dimensional circulation (I';,,,) with Uy, with
an empirical expression given in Eq. [B.9
T = 083 (Una) "’ (B.9)

Hence, a new parameter called modified velocity ratio (U™) as given in Eq.

U* *

——— —U

U~ R
U~ = Y X B.10
e (B.10)

Then, the non-dimensional vortex circulation relative to the maximum value (I'* /T, .)
calculated using Eq. [B.11] where the value of k was found to be 1.123.

I 2l/ky~
l—\:nax N [1 +UN2k]1/k (Btll)

The aforementioned procedure followed to determine the vortex strength in head-
wind is no longer valid for crosswind conditions, which were considered for the current
research. However, corrections factors were applied to the vortex strength calculated for
headwind conditions to obtain that valid for crosswind conditions. According to Murphy,
the total pressure distortion parameter (DCgg) in headwind and pure crosswind conditions

is given in Eq. [B.12]and [B.13] respectively.

DCY = 0.0567 -T* 4-0.0141 (B.12)

DCY=" = (—=25.3(h/D)) +15.3) - DCY " (B.13)

Then, the non-dimensional circulation for pure crosswind condition (I'},_g,) is given

in Eq.

Iy

b o0 = 11.1DCY " +0.0075 (B.14)

Once obtained the aforementioned parameters, the normalised non-dimensional cir-
culation (1) was introduced to define the change of non-dimensional circulation (I'*) as
function of the yaw angle (y) as given in Eq. Note that for the current research the
pure crosswind conditions (Y = 90°) were considered.

n— ¥ To
=00 = Ty—o

= sin’(y) (B.15)
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Appendix C

Thermodynamic rotor outlet condition
for the Coupled system

The analysis of the vortex characteristics conducted on the coupled system configuration,
presented in § assumed that the rotor outlet static to inlet total pressure (pou:/Po,in)
was kept constant at 0.987. This condition, unfortunately, did not guarantee a constant
throttle setting condition between all of the case studies. Nevertheless, according to the
results obtained the changes in throttle settings were relatively small. In this appendix,
the numerical values of the changes in throttle setting are reported for all of the afore-
mentioned cases. They were quantified by means of the relative change of the rotor outlet
non-dimensional mass (ANDMF,%) defined as given in Eq. [C.1]

NDMFZ’CZ — NDMF2.,dist

ANDMPF>% =
NDMF, .

100 (C.1)

Hence, the numerical values of the relative change of rotor outlet non-dimensional
mass flow (ANDMF,%) relative to the case studies of the vortex characteristics analysis
are listed in Table
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ANDMF>%
Vortex location Vortex polarity Vortex1 Vortex2 Vortex3

Co-rotating 0.722 —0.608 1.805

e Counter-rotating —1.450 —1.268 —1.619
P Co-rotating —0.109 0.278 —0.135
Counter-rotating —1.249  —2.027 —0.017
P Co-rotating 0.026 0.506 0.297
Counter-rotating  —0.077 0.375 —0.453
Pp Co-rotating 0.930 2.596 2.568
Counter-rotating —0.350 —-0.319 —0.373
Py Co-rotating 1.599 1.162 2.308

Counter-rotating —1.005 —1.301  —1.438

Table C.1: Values of relative change of rotor outlet non-dimensional mass flow
(ANDMF, %) for the coupled system operating with vortex prescribed at different location
and rotor operating at 100% Ny and poy /Po in = 0.987



Appendix D

The effect of vortex location and
polarity at reduced rotational speed

This appendix reports analyses relative to the effects of vortex location and polarity on the
coupled system configuration with the rotor part operating at 80% of its original design
rotational speed (N,). In particular, they include the investigations of the S-shaped intake
aerodynamics as well as the description of the flow field at the AIP. On the other hand,
the change of rotor performance relative to these cases are directly presented §[5.2.4]

Note that similar analyses were carried out by considering the rotor operating at
100% N, (see § . However, a direct comparison of the results obtained between two
aforementioned rotational speeds could not be accomplished since no common throttle
setting could be obtained. However, these results could be considered in the future re-
search if other rotational speeds relative to the same system will be investigated.

D.1 Definition of the CFD boundary conditions

The analyses presented in this rotational speed of the rotor was kept constant at 80%
N, Referring to Fig. [3.28] the vortex 1 (datum) defined in § [3.4.2] was prescribed at
the farfield inlet plane at the locations introduced in § [5.1.1] Both of the vortex polarity
were considered. The value of static pressure imposed at the CFD rotor outlet plane
was such that the rotor outlet non-dimensional mass flow (NDMF,) remained constant at
3.872-1073 kgs~'K®>Pa~!. This value corresponded to a condition near stall. Finally,
the boundary conditions imposed at the farfield outlet plane and at the farfield wall were
similar to that defined in § [4.2.1]
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D.2 Numerical investigations

The numerical analyses presented in this section include the analysis of the S-shaped
intake aerodynamics and the description of the flow field at the AIP. Note that the relative
results were similar to that already presented in § [5.1]

D.2.1 S-shaped intake aerodynamics

The intake performance was evaluated by means of the pressure recovery (1), defined in
§[3.3.8] The change in pressure recovery was generally very close to unit and presented a
low sensitivity to the ingestion of vortices as shown in Fig.

A qualitative description of the flow separation occurring into the S-duct when vor-
tex 1 (datum) was ingested at different locations and for the two of possible polarities was
accomplished. The results were similar to that relative to the analysis carried out at 100%
N, where the S-duct flow separation was mostly affected for vortices ingested near the
starboard and co- and counter-rotating vortices ingested near the top and bottom edge of

the intake (see Fig. [D.2)and [D.3).

D.2.2 Flow field description at the AIP

The flow field at the AIP was described in terms of both total pressure and swirl distortion
in a similar manner presented in § relatively to the ingestion of vortex 1.

The magnitude and the extent of the total pressure distortion calculated at the AIP
was related to the mass flow as well as to the interaction existing between the ingested
vortex and the self-generated distortion occurring into the S-duct. Referring to Fig.
the total pressure distortion parameter (DCgg) calculated for different combinations of
vortex location and polarity were similar to that presented in §[5.1.3.1]

In terms of swirl distortion, the distribution of non-dimensional streamwise vorticity
() (Fig. and as well as that of the relative rotor incidence change (Af)
(Fig. and were analyzed. Both of these distributions were used to identify the
location of the vortex at the AIP and its interaction either with the self-generated distortion
or the wall. The results were qualitatively similar to that discussed in §
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Figure D.1: Pressure recovery (1) for vortex 1 ingested at different locations and polari-
ties and with rotor operating at 80% N; and NDMF> = 3.872-1073 kgs— ' K% Pg~!
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Figure D.2: Contours of skin friction coefficient (Cy) with streaklines (black) at the
starboard side of the intake wall for co-rotating vortex 1 (datum) ingested at differ-

ent locations) prescribed at different locations and with rotor operating at 80% N; and
NDMPF> =3.872-1073 kgs 'K Pg!
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Figure D.3: Contours of skin friction coefficient (Cr) with streaklines (black) at the star-
board side of the intake wall for counter-rotating vortex 1 (datum) ingested at differ-
ent locations) prescribed at different locations and with rotor operating at 80% N; and
NDMPF> =3.872-1073 kgs 'K Pg~!
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Figure D.4: Contours of non-dimensional total pressure distortion (F) at the AIP for co-
rotating vortex 1 ingested at different locations and with rotor operating at 80% N, and
NDMPF> =3.872-1073 kgs 'K Pg~!
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(a) Clean inlet conditions (b) Vortex prescribed at Pc (c) Vortex prescribed at P
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Figure D.5: Contours of non-dimensional total pressure distortion (Fy) at the AIP for
counter-rotating vortex 1 ingested at different locations and with rotor operating at 80%
N; and NDMF>, =3.872-1073 kgs 'K Pa~!
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Figure D.6: Total pressure distortion parameter (DCg) for different ingested vortex lo-
cations and polarities andwith rotor operating at 80% N; and NDMF>, = 3.872-103
kgs KOS pa~!
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Figure D.7: Contours of non-dimensional streamwise vorticity at the AIP for co-rotating
vortex 1 ingested at different locations and with rotor operating at 100% N; and NDMF, =
3.872-1073 kgs~ 'K Pa~!
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Figure D.8: Contours of non-dimensional streamwise vorticity (@;) at the AIP for
counter-rotating vortex 1 ingested at different locations and with rotor operating at 100%
N; and NDMF>, =3.872-1073 kgs 'K Pa~!
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(a) Vortex prescribed at Pc (b) Vortex prescribed at Pg

(c) Vortex prescribed at Pp (d) Vortex prescribed at Pp (e) Vortex prescribed at Pr

Figure D.9: Contours of relative flow angle change (Af) at the AIP for co-rotating vortex
1 ingested at different locations and with rotor operating at 80% N; and NDMF, = 3.872-
1073 kgs 'K Pg!
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Figure D.10: Contours of relative flow angle change (Af) at the AIP for counter-rotating
vortex 1 ingested at different locations and with rotor operating at 80% N; and NDMF, =
3.872-1073 kgs 'K Pa~!



