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ABSTRACT

The fluid dynamics of a helicopter rotor present many challenging phenomena. The
flow is dominated by a system of intertwined helical vortices that trail from the rotor
blades, which persist and remain in the vicinity of the rotor for many rotor revolutions.
Of interest here is the vortex ring state (VRS), which is typically associated with
the descent of a rotor into its own wake. In the vortex ring state the trailed vortex
system collapses from its usual helical structure to form a toroidal vortex ring of
the same scale as the rotor diameter. The vortex ring is highly unsteady, and sheds
off and reforms, leading to large unpredictable thrust fluctuations. It is currenty
believed that the mutual-inductance instability of helical vortices is responsible for the
breakdown of the rotor wake into the toroidal form associated with the vortex ring
state. Subsequently, computational investigations have revolved around modelling the
trailed vortex system for extended periods of time. Experimental investigations have
also typically been configured to generate a trailed vortex wake.

The aim of this work is to explore the role blade tip vortices have on the breakdown
of the helical rotor wake into the unsteady toroidal form associated with the vortex
ring state. In order to achieve this, a series of experimental investigations into the
structure of the flow field produced by a shrouded rotor, a unshrouded rotor, a
ventilated open core annular jet and a rotor with a large root cut out were performed.
Each of these experimental configurations produced mean velocity profiles that were
notionally similar. With a ring of high velocity flow surrounding a low velocity
core. However, the structure of the wake produced by each configuration differed
considerably. Unlike the wake produced by an unshrouded rotor, the wake produced
by the shrouded rotor and the ventilated open core annular jet did not contain a helical
vortex system. Despite this, in axial descent, each of the experimental configurations
investigated entered states analogous to the vortex ring state of an isolated rotor. The
results presented in this thesis show that the mechanism by which the wake produced
by the shrouded rotor and the ventilated open core annular jet broke down into the
toroidal form associated with the VRS of an unshrouded rotor were similar. Indicating
that the breakdown of the rotor wake, into the toroidal form of the VRS is a result of
the interaction between an axially induced flow, which consists of a low velocity core
surrounded by a ring of higher velocity air, and a uniform counterflow.
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CHAPTER 1
INTRODUCTION

The fluid dynamics of a helicopter rotor present many challenging flow phenomena,
one of which is known as the vortex ring state (VRS). The wake from a rotor is typically
dominated by a system of intertwined helical vortices that trail from the rotor blades
as shown in figure 1.1a and 1.1b. These blade tip vortices remain in the vicinity of
the rotor for a long period of time causing significant interactional, vibrational and
aeroelastic effects. When operating against a counter flow the trailed vortex system
can collapse forming a highly unsteady vortex ring of a similar scale to that of the
rotors diameter, otherwise known as the vortex ring state, as shown in figure 1.1c
and 1.1d. The build-up and subsequent shedding of the vortex ring occurs over a
number of rotor revolutions. Shedding of the vortex ring from the rotor leads to the
large unpredictable thrust oscillations characteristic of rotors operating in the VRS.
The mutual inductance instability of helical vortex filaments is currently believed to
be responsible for the breakdown of the rotor wake into the toroidal form associated
with the VRS. Bhagwat and Leishman. (2000), Leishman et al. (2004) and Ananthan
and Leishman (2006) showed numerically that the mutual-inductance instability is
responsible for the bundling of vortex filaments into rings which move towards the
rotor as it approaches the VRS. Despite our knowledge of this mechanism, low-order
momentum theory based models, such as those developed by Gessow (1948), Newman
et al. (2003) and Johnson (2005) continue to be used to define the boundary of the VRS
and rotor performance characteristics of helicopters and tiltrotors operating in descent
despite not incorporating blade tip vortices in their analysis. Therefore, the role of the
blade tip vortices on the formation of the VRS will be explored experimentally in this
thesis.

1.1 LITERATURE REVIEW

The VRS is a fluid dynamic phenomenon often associated with rotorcraft, multi rotor
unmanned aerial vehicles (Marino et al., 2015) and wind turbines (Leble and Barakos

1
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Rotor Type Operational Condition
Helicopter Main Rotor Under certain axial descent conditions (Leishman,

2006).
Low descent and low forward velocity.
Power recovery manoeuvre after a engine power off
(Ferrell and Shapley, 1968).
During an up draft.
Quick stop/pull up manoeuvres (Ananthan and
Leishman, 2006).
Accelerations (Ananthan and Leishman, 2006).
Pull Ups (Ahlin and Brown, 2005).

Helicopter Tail Rotor In sidewards flight (Durand (1978), Faulkner and
Buchner (1980), Glauert (1926)).
When hovering in a crosswind (Taamallah, 2010).
Whilst rotating on the spot during hover.

Multi-rotor UAV’s In axial descent.
Floating Wind Turbines Pitching oscillations (Leble and Barakos, 2016).

Floating offshore wind turbines during surge (Kyle
et al., 2020).

Tiltrotor Under certain axial descent conditions (Abrego
et al., 2002).
Low descent and low forward velocity (Washizu
et al., 1966b).

Table 1.1: Table summarising the operational conditions that lead a variety of rotors
to enter the VRS.

(2016), Kyle et al. (2020)). For rotorcraft, on which this research will focus, entry into
the VRS leads to large unpredictable thrust oscillations, an increase in the average
rotor power required, and the loss of control efficiency, which can, in some conditions,
lead to the loss of the aircraft (Reeder and Gustafson (1949),Brotherhood (1949)). The
U.S. NTSB, U.S. Navy and Army and the U.K. Air Accidents Investigation Branch
identified that the VRS was responsible for the loss of thirty two helicopters between
1982 and 1997 (Hoydonck et al., 2009), and was also a contributing factor to the loss of
the U.S. Marines V22 Osprey in April 2000 (Dailey et al., 2001). This accident acted
as a catalyst to re-energise research into the VRS, as a lot of the design traits of the
V22, such as the incorporation of highly twisted and highly loaded blades, can also be
found in modern helicopters. These modern design traits have developed to allow
rotor craft to meet an ever-expanding list of operational requirements. Despite this
resurgence, helicopters continue to encounter the VRS as demonstrated by the loss of
the EuroCopter AS 332 L2 Super Puma in August 2013 (SKYbrary). A summary of the
operating conditions that have been associated with the VRS are presented in table
1.1.

Despite the dangers associated with operating in the VRS, a small number of
experiments have been performed on full scale helicopters in order to characterise
their response to the VRS. (See table 1.2). Reeder and Gustafson (1949) showed that the
helicopter experienced violent thrust, yaw and roll fluctuations which resulted in a loss
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(a) Schematic diagram of a helical vortex
wake produced by a rotor.

(b) Smoke Flow Visualisation of a rotor
operating above an obstacle taken from
Pickles et al. (2018).

(c) Schematic of the VRS redrawn from
FAA (2019).

(d) Smoke Flow Visualisation of a heli-
copter in the VRS taken from the work
of Drees and Hendal (1951a).

Figure 1.1: Standard Rotor wake depiction

of control efficiency, a nose-down pitching moment, and a significant loss of altitude
before the pilot could regain control. Motion picture studies of the tufted blades
of this rotor indicated that these effects were not a result of the aerodynamic stall,
however, pronounced and highly irregular blade bending was observed. Investigations
by Brotherhood (1949) and Stewart (1951) found that the response of individual
helicopters to the VRS varied, from mild wallowing in some, to a complete loss of
control in others. Stewart (1951) attributed these effects to the turbulent nature of the
flow field, and its interaction with the fuselage of the helicopters. Drees and Hendal
(1950) later identified, using smoke flow visualisation, that the nose-down pitching
moment was a result of the tail boom operating in an up flow which results from the
formation of the vortex ring, as shown in figure 1.1d.

Escape from the VRS can be achieved by increasing the pitch of the helicopter
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blades, a sustained demand for forward motion (Reeder and Gustafson, 1949), or by
entering the windmill brake state. Both of these techniques require the rotor to escape
the vortex and enter ‘clean’ air, after which control can be reacquired. Increasing blade
pitch will tend to allow the rotor to climb free of the VRS, however, if insufficient power
is available, this can aggravate the VRS. The Vuichard recovery technique (FAA, 2019)
eliminates the descent rate characteristic of entry into the VRS. Upon entry into the
VRS, the pilot should increase collective to the maximum available power, and simul-
taneously apply pedal controls to maintain heading and a bank of between (15− 20o)

to get a lateral movement until the rotor escapes the upwind part of the vortex. For
helicopters with counter-clockwise rotating main rotor systems, escape should be to
the right hand side of the aircraft (Helicopters with clockwise rotating main rotors
should escape to the left hand side of the aircraft). This technique reduces the average
height loss, as a result of entering the VRS from approximately 120m to between
(6 and 15)m, dependent on the duration of the recovery manoeuvre (FAA, 2019).
Tandem rotor helicopters like Boeing’s H-47 Chinook should manoeuvre laterally so
that both rotors recover and enter clean air at the same time (FAA, 2019). The VRS
manifests itself as a ‘roll off’ in tiltrotors where one rotor enters the VRS. Pilots of these
vehicles are taught to escape the VRS by a lateral cyclic input or by applying a forward
nacelle tilt (Johnson, 2005). It should be noted that the complexity of the VRS means
that flight tests are of limited use to deepen our understanding of the underlying
flow mechanisms responsible for the onset of the VRS. Therefore, several research-
ers have performed investigations into the VRS under controlled laboratory conditions.

1.1.1 MEAN FORCE AND ROTOR PERFORMANCE PARAMETERS OF THE VRS.

Since its initial identification by Bothezat (1919), there have been a number of ex-
perimental and numerical investigations into this complex flow phenomenon which
occurs when a rotor descends into its own wake. Initial investigations performed by
Lock et al. (1925), Glauert (1926), Castle and Gray (1951) ,Taghizad et al. (2002), and
Gessow (1948), attempted to calculate steady, mean, rotor performance parameters
such as: rotor inflow, induced velocity, thrust and power, by applying constants to
helicopter actuator disk theory.

Actuator disk theory is a low order model that applies the conservation of mo-
mentum to a stream tube that passes through the rotor disk (Leishman (2006), New-
man (1994) and Spalart (2003)). The flow through the rotor is assumed to be one-
dimensional, quasi-steady, incompressible and inviscid. The rotor itself is represented
as a discontinuity over which a pressure jump occurs. This produces a stream tube
that contains no discrete vortex filaments, and does not incorporate any of the complex
flow features associated with rotor wakes. Actuator disk theory is only valid in flight
conditions where a well defined stream tube exists, therefore it is typically defined
as invalid within the VRS (i.e when the ratio of descent velocity Uo to hover induced
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Investigation Helicopter
Reeder and Gustafson (1949) Sikorsky R4
Brotherhood (1949) Sikorsky R4
Stewart (1951) Sikorsky R-4B, R-6, S-51

Bell 47, Bristol 171
Gustafson and Gessow (1945), Gustafson (1945) YR-4B
Gessow (1948) YR-4B
Yeates (1958) Unspecified tandem helicopter
Scheiman (1964) H-34
Padfield (1996) Wessex 2
Taghizad et al. (2002) SA 365N Dauphin 6075

Table 1.2: Table documenting the full scale experimental investigations into the VRS,
and and the helicopters used.

velocity Ui is between −2 < α = (Uo/Ui) < 0. At higher descent rates the wake re-
establishes itself into a structured stream tube. Therefore, momentum theory is valid
in the windmill brake state, hover and during axial climb. It was noted by Washizu
et al. (1966a) that momentum theory predictions for the induced velocity of a rotor in
inclined descent followed the same trends as their experiments, however momentum
theory under-predicted the inclined rotors induced velocity (Ui), as shown in figure
1.2 In figure 1.2 the averaged induced velocity of the rotor, at rotor disk angles of
attack (αTPP) of 20, 50 and 70o are compared with the theoretical values calculated
from momentum theory assuming that the velocity components of the rotor which
are normal and parallel to the rotor disk plane are −uo sin(αTPP) and uo cos(αTPP)

respectively.

The scatter of data observable in figure 1.3 and figure 1.2, is believed to be a result
of the large fluctuations in thrust and the increase in the average torque associated
with operating in the VRS. These thrust fluctuations reportedly reach a maximum
of between 45% and 80% of the mean at a axial descent velocity of α ≈ 1.2. (Yaggy
and Mort, 1962). Fluctuations of this magnitude cause significant blade flapping
and a loss of rotor control. One set of experimental results presented in figure 1.4
shows that the magnitude of these thrust fluctuations was dependent on the rotor
disk loading (T/A). Rotors with higher disk loading experienced lower magnitude
thrust fluctuations over a smaller range of decent velocities. Similar experiments
performed by Washizu et al. (1966a) found that disk loading had no effect. The
unsteadiness arises from the gradual build up of vorticity around the rotor, which
then sheds generally aperiodically into the free stream. Savas et al. (2009) showed
experimentally that the build up of vorticity occurs over a number of rotor revolutions.
Primary frequency data, produced by analysing the thrust fluctuations for several
experimental investigations, presented in table 1.3 does not show any clear data trends.

It is generally accepted, thanks to the numerical simulations of Azuma and Obata
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Figure 1.2: Thrust fluctuations plotted as a percentage of the mean thrust produced
by a rotor operating in axial descent, including the VRS, as the rotor tip-path-plane
angle of attack varied. The data which was originally presented by Yaggy and Mort
(1962) and Washizu et al. (1966a).

(1968), that the mean thrust loss associated with the VRS is a result of a reduction
in loading on the outboard section of the rotor blades This occurs because the re-
circulation around the rotor tip leads to an increase in the local inflow, effectively
reducing the lifting capability of these sections of the blades (Azuma and Obata, 1968).
The build up of vorticity near to the rotor results in the loss of thrust, if the pitch
of the rotor is held constant (Yaggy and Mort (1962), Azuma and Obata (1968)), or
an increase in the power required by the rotor if the thrust produced by the rotor is
maintained constant. (Castle and Gray, 1951).

Several attempts have been made to characterise the effect rotor geometry has
on the behaviour of the VRS, however it is not possible to find agreement between
individual investigations, as the rotors investigated differ considerably. Disk loading
and blade twist were investigated experimentally by Castle and Gray (1951), Yaggy
and Mort (1962), Washizu et al. (1966a), Azuma and Obata (1968), Gao (1999) and
Newman et al. (2004). In these experiments the thrust and torque produced by a
variety of different rotors was measured as the descent velocity of the rotors was
varied. However, no clear conclusions can be drawn. Trends resulting from blade
twist were observed in some of these experiments. However other experimental
investigations, such as those performed by Azuma and Obata (1968), indicate that
there is no clear pattern of behaviour for blade twist or blade loading. The operation
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Figure 1.3: Mean induced velocity (Ui) produced by a rotor operating in axial flight.
The momentum theory based predictions of Gessow (1948) and Wang (1990) are
compared against several experimental investigations (Washizu et al. (1966a), Castles
(1958) and Brinson (1998)).

Figure 1.4: Measured rotor thrust fluctuations in axially descending flight through
the VRS for different rotor disk loadings. Data replotted from Yaggy and Mort (1962).
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Investigation ωR/Ui Operational Condition
Yaggy and Mort (1962) 3− 5 all

Yeates (1958) 1.4− 2 axial α = 0.4
0.95− 1.1 axial α = 1.1

Washizu et al. (1966a) 0.7− 1.4, 0.14− 0.3 axial
Xin and Gao (1994) 1.3, 2.5, 0.8 axial α = 0.75

Brinson (1998) 0.6 axial
Betzina (2001) 0.2 axial α = 0.7

Savas et al. (2009) 0.06 axial α = 0.79, 0.82

Table 1.3: Measured frequencies of the Vortex Ring State

of the rotor can also differ between individual investigations. Castle and Gray (1951)
varied the pitch of their rotor to ensure that rotor thrust was held constant for each
descent velocity investigated. Later investigations by Yaggy and Mort (1962) and
Washizu et al. (1966a) ensured that the rotor pitch angle was held constant, resulting
in an increase in rotor thrust with descent rate. The numerical simulations of Brown
et al. (2002) and Ahlin and Brown (2005) suggest that unidentified blade stall may
have modified the rotor performance of experimental investigations where pitch was
kept constant or where disc loading was high. However no experimental data exists
to support these assumptions.

1.1.2 FLUID DYNAMICS OF THE VRS.

Research into the VRS has mainly focused on the accurate estimation of steady mean
rotor performance parameters, whilst the dynamics of the flow field have only recently
started to be qualitatively investigated. The smoke flow visualisations, performed by
Drees and Hendal (1950) and Drees and Hendal (1951a), which have been referenced
in nearly every investigation into the VRS since, showed the general features of the
flow field (figure 1.1d). Hot wire anemometry and smoke flow visualisation was also
used by Brinson (1998) and Drees and Hendal (1951b) to identify a conical region of
reverse flow which can penetrate up through the centre of the rotor.

Quantitative PIV measurements of the flow field produced by a model rotor
operating in axial descent were performed by Green et al. (2005). At low descent
velocities, the mean flow field resembled that of a rotor operating in hover. Increasing
the descent velocity revealed the formation of a saddle point, and the conical region
of reverse flow, located directly underneath the rotational axis, which approached
the rotor disk as the descent velocity was increased. The wake from the rotor breaks
down into a ring of vorticity characteristic of the VRS, an example of which is shown
in figure 1.5b. Proper Orthogonal Decomposition (POD) indicated that the flow field
intermittently switched between the two flow topologies shown in figure 1.5. The
geometry of the flow field can differ considerably from the mean flow field, and at
a fixed descent velocity the distance of the saddle point from the rotor varied as a
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(a) Hover (b) VRS

Figure 1.5: Images of the characteristic flow topologies associated with a rotor
operating in hover (figure 1.5a), and within the VRS (figure 1.5b). Images taken from
Green et al. (2005).

result of the flow fields unsteadiness. The frequency with which of the flow entering
the VRS topology occurred, increased as the descent rate increased, until the flow
remains locked within the toroidal form. The unsteadiness of the flow field and,
therefore, the behaviour of the rotor, results from the generally aperiodic and spatially
non-uniform way that vorticity builds up around the rotor, before being shed into
the free stream. In some flight conditions, Stack et al. (2005) and Savas et al. (2009)
showed experimentally that the periodic detachment of the vortex ring, from the
rotor disk plane caused periodic oscillations of the rotors thrust to occur. Large area
PIV experiments were also performed by Newman et al. (2001). These investigations,
whilst providing some insight into the structure of the flow field, did not outline the
underlying fluid dynamic processes that govern the behaviour of the rotor wake. This
is in contrast to the synchronised thrust and flow visualisations of Stack et al. (2005),
which identified leapfrogging of the blade tip vortices as the mechanism responsible
for the formation of the vortex ring. Leapfrogging is typically associated with the
interaction of two or more axially aligned vortex loops, as shown in figure 1.6, for
which induced velocity causes them to contract and expand, thereby altering their
individual descent velocities. Linear stability analysis of helical vortex filaments
revealed the existence of small geometric perturbations to the helix, that manifest
themselves with wavelengths equal to a few core diameters, or over several helix
diameters. The theoretical analysis of helical vortex filaments performed by Gupta and
Loewy (1974) and Widnall (1972) identified a third instability, ‘mutual-inductance’, as
the interaction between immediately adjacent turns of the helix.

Free-wake simulations of a helicopter rotor in axial descent performed by Bhagwat
and Leishman. (2000), Leishman et al. (2004), and Ananthan and Leishman (2006)
associated this mutual-inductance instability, sometimes known as the ‘vortex pairing’
mode, with the bundling of vortex filaments into rings, which move towards the rotor
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as it approached the VRS. Ahlin (2007) showed that, within the linear range and for
finite amplitude disturbances, the mutual induction mode results in the entanglement
of individual turns of the helix. A cross section through the entangled helix shown
in figure 1.7b resembles the leapfrogging of vortex filaments identified by Stack et al.
(2005). These investigations showed that the wake of a rotor is inherently unstable,
even when operating in hover. The growth rate of disturbances to the helical structures
are related to the relative spacing between adjacent vortex filaments (Widnall (1972),
Bhagwat and Leishman. (2000)). In hover, the growth of these disturbances leads to
the breakdown of the helix away from the rotor. In descending flight, this breakdown
occurs in the vicinity of the rotor leading to the development of the vortex ring (New-
man et al. (2003), Ahlin and Brown (2007), Brown et al. (2004)). These results must
be viewed with some caution, because the complexity of the flow field means that a
linear stability analysis cannot completely describe the highly non-linear process that
causes the helical vortex system to break down into the toroidal form of the VRS.

High resolution computational fluid dynamic simulations (CFD) of a rotor en-
tering the VRS from the windmill brake state and from hover, using the Vorticity
Transport Model (VTM) developed by Brown (2000), were performed by Ahlin and
Brown (2009). When the rotor transitioned into the VRS from the windmill brake state,
the blade tip vortices reorientated themselves to form a hairpin structure which was
then ejected into the free stream, as shown in figure 1.8. The ejection of the hairpin
vortex disrupted the formation of the normal helical vortex structure for several rotor
revolutions. Hairpin vortices were not observed in the rotor wake when it transitioned
from hover into the VRS, indicating that the underlying mechanism may differ de-
pending on the way the rotor enters the VRS. These simulations also showed that the
up flow through the rotors root section, identified by Brinson (1998) and Green et al.
(2005) was dependent on the ‘mutual-inductance’ of the root-vortex system. When
entering the VRS from hover, Ahlin and Brown (2009) concluded that the collapse
of the blade tip vortex system was driven by a reduction of the rotors downwash
resulting from the collapse of the root vortex system. This is particularly important as
the root vortex system is typically omitted from other numerical simulations of the
VRS, such as the work of Bhagwat and Leishman. (2000).

Studies using the vorticity transport model suggest that the two flow topologies
identified by Green et al. (2005) are, in fact, different manifestations of the same flow
topology. Perry et al. (2007) concluded that the topology of the velocity field of a
rotor operating in hover and within the VRS, were all toroidal in nature, with a saddle
point located underneath the rotor. This can be observed in the mean velocity fields
of a rotor operating in axial descent, as shown in figure 1.9. The relatively small size
of experimental fields of view examples was theorised to be the reason this was not
observed before, an example of which is shown in figure 1.9a. The linear decaying
vortex tube method, which was initially developed by Wang (1990), and later extended
by Perry et al. (2007) predicts mean rotor inflow, to a reasonable level of accuracy.
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(a) 3D Schematic redrawn from Ahlin and
Brown (2009) (b) Cross Sectional view

Figure 1.6: Schematic diagrams depicting the classical leapfrogging of vortex rings
identified by Stack et al. (2005), in three dimensions (figure 1.6a) and the cross section
that would be observed if this process was investigated using a thin laser light sheet,
aligned through the centre of the vortex ring. (figure 1.6b).

(a) 3D Schematic redrawn from Ahlin and
Brown (2009)

(b) Cross section through the entangled
Vortex.

Figure 1.7: Schematic diagrams depicting the mutual inductance instability of a helical
vortex identified by Widnall (1972), in three dimensions (figure 1.7a), and the cross
section that would be observed if this process was investigated using a thin laser light
sheet, aligned through the centre of the vortex ring. (figure 1.7b).
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Figure 1.8: Numerical simulation of a rotor entering the VRS from the windmill brake
state performed by Ahlin (2007) showing the formation of a ‘hair-pin’ vortex from the
‘mutual-inductance’ instability of a helical vortex. Figure adapted from Ahlin (2007).

An alternative study by Brand et al. (2011), using a ring emitter model, suggested
that the use of steady speed wind tunnel tests, which make up a large proportion
of the research into the VRS, did not appropriately simulate the unsteady effects of
the VRS. They argue that the rotors thrust and descent velocity must be coupled in
order to accurately simulate this flow phenomenon. The vortex rings transition from
below to above the rotor, and its subsequent shedding, is responsible for the sudden
loss of altitude characteristic of entry into the VRS. In free flight, this only happens
once, whilst steady speed wind tunnel tests force this mechanism to continuously
repeat itself. Contrary to the research described earlier, Brand et al. (2011) postulated
that disorganization of the vortex filaments is not a characterising feature that enables
the VRS to occur. There is little direct experimental support for these numerical
simulations investigating how the VRS develops.

1.1.3 MODELING THE ONSET OF THE VRS.

Numerous attempts at developing models to accurately predict the onset of the VRS
have been made, as this would aid in the design of flight safety systems. The first onset
model, derived by Wolkovitch (1972) combined momentum theory and actuator disk
theory in order to predict the critical speeds and descent angles at which unsteady
flow occurs. The model assumed that the VRS occurred when the rotors descent speed
approached that of the induced convection speed of the blade tip vortices in hover.
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(a) α = 0.0

(b) Perturbed
hover (c) α = 0.38 (d) α = 0.5 (e) α = 0.75

Figure 1.9: Mean flow field analysis of the flow field produced by a rotor operating
in axial descent over a range of descent velocities from α = 0.0 to 0.75. These images
were produced by Perry et al. (2007) using a VTM. Note the formation of a toroidal
flow field around the rotor at all descent velocities.
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Figure 1.10: VRS boundaries defined by Yeates (1958), Drees and Hendal (1951a),
Johnson (2005), Newman et al. (2003), Washizu et al. (1966a) and Reeder and Gustafson
(1949) are compared. Data replotted from Johnson (2005).

This model was extended by Peters and Chen (1982) to include the dynamic inflow
model which has been used to determine the response of hingeless rotors to unsteady
inflows Peters (1974) and the flap-lag stability of helicopters in powered flight and
autorotation Wei (1978). In the model the normalised induced flow and the velocity of
the free stream flow were used to determine the boundary of the VRS. Instabilities
in the dynamic inflow perturbations were also used to defined the boundary of the
windmill brake state i.e. when the rotor exited the VRS. Available experimental data
suggests that the onset of the VRS occurs at a descent speed that is significantly lower
than the convection speed of the tip-vortices. An alternative model more commonly
used in the literature was derived by Newman et al. (2003). This model is based on
the notion that disturbances in the wake convect up to the rotor plane once a critical
velocity is reached. The critical velocity was calculated from the experimental data
produced by Drees and Hendal (1950) using momentum theory considerations. The
unstable nature of the wake, resulting from the separation of the vortex filaments from
the rotor blades when operating in forward flight, is also incorporated. When a low
threshold of thrust fluctuations is used as a measure of VRS onset, this model agrees
with existing experimental data for moderately twisted rotors, (Brown et al., 2002)
and was used by Brand et al. (2004) and Kisor et al. (2004) when they investigated
the behaviour of the V22 Osprey in descent. Unfortunately, the model becomes less
accurate for highly twisted rotor blades. Later, Johnson (2005) developed a parametric
extension to helicopter momentum theory that allowed the mean inflow of a rotor to
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Figure 1.11: Helicopter and tiltrotor VRS encounters plotted against the stability
boundary derived by Johnson (2005). Figure replotted from Johnson (2005). Experi-
mental data originally sourced from Kisor et al. (2004) and Taghizad et al. (2002).

be calculated. This model allowed for the real time simulation of both helicopters and
tilt rotors in the vortex ring state, despite the different manifestations of the VRS. The
boundary of the VRS for a selection of these models is presented in figure 1.10. These
models all depict approximately the same region of the flight envelope. However the
variations observed could potentially lead to a helicopter encountering the VRS unex-
pectedly. It is for this reason that pilots are taught that the VRS boundary is highly
dependent on the type of rotorcraft they are flying (Reimer, 2007). An additional
aspect that may influence the development of the VRS is the interaction between the
rotor wake and the helicopter fuselage (Brown et al. (2004) and Felker and McKillip
(1994)). There is no evidence at the moment to suggest that the velocity at which the
rotor enters the VRS changes in the presence of a fuselage, however it seems logical
that it would do.

1.1.4 OTHER ROTOR CONFIGURATIONS.

The VRS manifests itself in both tandem helicopters and tiltrotors. For tandem rotors
the VRS manifests itself as large irregular thrust fluctuations and vibrations which
result in the helicopter becoming difficult to control and experiencing a steady increase
in its rate of descent (Yeates, 1958). For tiltrotors the VRS manifests itself as ‘roll-off’
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because of the differences in the aerodynamic response of the two rotors. Washizu
et al. (1966b), Betzina (2001) and Abrego et al. (2002) studied counter-rotating, side
by side rotors in the VRS, thereby simulating the flow field produced by a tiltrotor.
These investigations showed that the characteristic reduction in thrust and the large
unpredictable thrust fluctuations experienced by single rotors operating in the VRS
were also present for tiltrotors. Washizu et al. (1966b) and colleagues reported that the
VRS operational envelope was larger than that of an isolated rotor. A study by Abrego
et al. (2002) concluded that the image plane used by Betzina (2001) did not replicate
the interference effects between the two rotors, however it did show that the presence
of a second rotor altered the response of the rotors helical vortices. The relative spacing
between adjacent vortex filaments increased the growth rate of disturbances to the
vortex system, therefore the presence of a second rotor would make both of the rotors
helical vortices more susceptible to breaking down into a torus (Bhagwat and Leish-
man., 2000). However when the parametric extension of momentum theory, derived
by Johnson (2005) and the experimental data of Taghizad et al. (2002) and Kisor et al.
(2004) are compared, as shown in figure 1.11 the VRS boundary of helicopters and
tiltrotors are notionally similar indicating that the presence of the second rotor may
not be as significant as previously thought. Kisor et al. (2004) reported that the V22’s
response to the VRS was delayed in terms of descent speed if it accelerated through
the theoretical VRS boundary. This phenomena was also noted by investigations
performed by Newman et al. (2003), Ananthan and Leishman (2006) and Ahlin and
Brown (2005). Differences in how individual researchers define the boundary of the
VRS, may explain some of the differences in the VRS boundary, as shown in figure 1.10.
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1.1.5 ASSESSMENT OF THE EXISTING LITERATURE.

Despite its age and the numerous investigations into the phenomenon, a complete
understanding of the VRS remains elusive, as shown by the frequency with which
accidents involving the VRS still occur. An analysis of the existing literature shows
that the influence of blade twist, solidity and disk loading on the aerodynamics of the
VRS has yet to be determined. In fact, quite often there are opposing views in the
effect of these rotor parameters. In general there are too many unaccounted variables
related to the geometry of the rotors, and the test conditions used in the investigations
described earlier, for a rigorous comparison between individual investigations to be
made. Other factors that may influence the results of experimental investigations of
the VRS are blade stall and the interaction of the rotor wake with the wind tunnel
walls. If stall did occur, then both the thrust and the fluctuations of the thrust reported
would have been modified, which could explain some of the variation of the existing
literature, however no experimental data exists to support this hypothesis. The effect
of rotor geometry on the aerodynamics of the VRS was not investigated in this thesis,
instead this thesis focused on the fluid dynamics of the VRS.

Entry into the VRS results in a reduction in the mean thrust of the rotor and large,
mostly aperiodic thrust fluctuations. Thrust fluctuations can last for a large number of
rotor revolutions and spectral analysis has revealed no clear trends in the frequency of
these fluctuations. For helicopter main rotors these symptoms can manifest themselves
as the loss of control efficiency and the loss of altitude. However, the VRS can also
affect tiltrotors, multi-rotor UAVs and wind turbines.

The sketches in figure 1.12 represents the time-averaged flow fields, previously
shown in figure 1.5. A description of the phenomenon also requires an analysis of
the instantaneous flow field, because the flow can differ considerably from the mean
flow field. Depending on the velocity ratio (α = Uo/Ui), two typical flow patterns are
observed. At low velocity ratios, the flow field penetrates into the counterflow and can
be divided into two main regions: near and far fields. In the near field the behaviour
is similar to that of a hovering rotor. In the far field, as the velocity decays, the rotor
wake interacts with the counterflow forming a saddle point on the geometric centre
line of the rotor. At a descent velocity, approximately equal to the hover induced
velocity of the rotor, the flow forms a axisymmetric vortex ring in the vicinity of the
rotor, which can shed aperiodically into the free stream. This is coupled with the
formation of a conical region of reversed flow which can penetrate through the rotor
hub. The region of the rotor which experiences this reversed flow increases until the
rotor enters the windmill brake state. At some α values the flow field intermittently
switches between a flow field notionally similar to that of a hovering rotor and the
toroidal form shown in figure 1.12a and figure 1.12c. The frequency with which the
flow exists in the toroidal form increases as the descent rate of the rotor increases until
the flow remains locked within the toroidal state.
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The mechanism with which the trailed vortex system collapses into the toroidal
form associated with the VRS is based on the linear stability analysis of helical vortex
filaments performed by Gupta and Loewy (1974) and Widnall (1972) along with the
free wake simulations of helicopter rotors operating in axial descent performed by
Bhagwat and Leishman. (2000), Leishman et al. (2004) and Ananthan and Leishman
(2006). These investigations showed that the wake from a hovering rotor is inherently
unstable. The small geometric perturbations to the helix, with wavelengths equal
to a few core diameters or over several helix diameters identified by Gupta and
Loewy (1974) and the mutual-inductance instability of helical vortices identified by
Widnall (1972) lead to the breakdown of the helical structure. Typically this occurs
some distance away from the rotor, however in descending flight this occurs in the
vicinity of the rotor Newman et al. (2003), as shown in figure 1.13a. Free-wake
simulations performed by Bhagwat and Leishman. (2000), Leishman et al. (2004) and
Ananthan and Leishman (2006) identified the mutual-inductance instability as the
mechanism responsible for the bundling of vortex filaments into rings, which move
towards the rotor as it approaches the VRS. Planar smoke flow visualisation of a
rotor performed by Stack et al. (2005) identified leapfrogging of vortex filaments
as the mechanism responsible for the bundling of the vortex filaments. However it
was shown numerically by Ahlin and Brown (2007), Ahlin (2007) and Brown et al.
(2004) that the mutual inductance instability can result in the entanglement of helical
vortices which, upon closer inspection would appear like the vortex pairing of vortices,
identified by Stack et al. (2005) on a two dimensional plane. Outboard of the rotor this
leads to the build up of vorticity around the rotor blade tips (Savas et al., 2009), as
shown in figure 1.13b. The build up and subsequent shedding of the recirculation is
responsible for the large thrust fluctuations associated with rotor operating in the VRS,
as shown in figure 1.13c. Ahlin and Brown (2007) indicated that the breakdown of the
blade root system is responsible for the formation of the saddle point and the conical
region of reverse flow which penetrates towards the rotor disk plane identified by
Green et al. (2005) however there is no experimental data that supports this conclusion.
Despite our knowledge of this mechanism the development of the VRS continues to
lead to the loss of rotorcraft and therefore greater understanding of this mechanism
is required in order to prevent these accidents from occurring. It is interesting that
low order momentum theory models, such as those developed by Gessow (1948),
Wang (1990), Newman et al. (2003) and Johnson (2005) have continued to be useful
tools used by researchers to predict the boundary of the VRS and rotor performance
characteristics of helicopters and tiltrotors operating in descent despite not considering
blade tip vortices in their analysis. Which according to the mechanism described
above are primarily responsible for the breakdown of the helical vortex system and
the roll up of the rotor wake into the highly unsteady toroidal form associated with
the VRS. Therefore, the role of the blade tip vortices on the formation of the VRS will
be investigated experimentally in this thesis.
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(a) Hover α ≈ 0 (b) α ≈ 0.6

(c) α ≈ 1.0 (d) Windmill brake state α ≈> 2.0

Figure 1.12: Schematic diagrams of the general mean flow topologies associated with
the VRS. At low descent velocities a large recirculation forms underneath the rotor
and a mean flow stagnation point forms, as shown in this figure.
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(a) Stage:1-2 (b) Stage:2-3

(c) Stage:3-4 (d) Stage:4-1

Figure 1.13: Schematic diagram depicting the mechanism responsible for the develop-
ment of the VRS for an isolated rotor according to the mutual inductance instability
theory of helical vortex filaments developed by Leishman et al. (2004)

.
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1.2 AIMS AND OBJECTIVES OF RESEARCH.

A series of experimental test campaigns were carried out in the University of Glasgow
De-Havilland wind tunnel to evaluate the role of the trailing vortices in the VRS
mechanism, principally by generating flow fields that do not contain a helical vortex
wake but collapse into a vortex ring like state. The first consisted of an experiment
designed to investigate the flow field produced by a shrouded rotor operating in axial
descent. LDA and PIV were used to identify if a shrouded rotor can enter the VRS,
and if the shroud has any effect on the characteristic topological features associated
with the development of the VRS, described earlier and shown in figure 1.12.

The second test campaign consisted of an investigation into the flow field produced
by a custom ventilated open core annular jet issuing into a uniform counterflow. LDA,
PIV and smoke flow visualisation were used to investigate the structure of the flow
field produced by the ventilated open core annular jet. The jet was designed to
produce a mean flow field which is notionally similar to that of a hovering rotor.
When introduced to a counterflow the flow field shares many of the significant
topological features associated with the VRS, however it does not contain any blade
tip vortices.

The third test campaign consisted of an investigation into the flow field produced
by a rigid, unarticulated rotor with a large root cut out, operating in axial descent.
This rotor was designed to produce a mean flow field similar to that of the ventil-
ated open core annular jet. When introduced to a counter flow however the flow
field collapsed into the VRS, however it did not enter the incipient flow regime. The
main objectives and scope of these experimental test campaigns are summarised below:

� Identify if a shrouded rotor can enter the VRS.

� Quantify the influence of a shroud on the flow field produced by a rotor operat-
ing in axial descent.

� Identify the topological features produced by a shrouded rotor operated in axial
descent.

� Investigate the structure of the flow field produced by a ventilated open core
annular jet when issuing into quiescent surroundings and when issuing into a
uniform counterflow.

� Quantify the effect mean velocity profile has on the development of the VRS.

� Quantify the contribution the blade tip vortices have on the formation of the
VRS.
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1.3 STRUCTURE OF THESIS

Following on from the introduction in chapter 1, this thesis is divided into the
following sections:

Chapter 2 describes an experimental investigation into the flow field of a shrouded
rotor in axial descent. Results from a shrouded rotor and a unshrouded rotor are
compared and the effect of the shroud on the fluid dynamics of the flow field is
investigated.

Chapter 3 presents a detailed account of an experimental investigation into the
flow field produced by a ventilated Open Core Annular Jet in a uniform counterflow.
Initially the flow field produced by the custom ventilated open core annular jet is
characterised, after which the effects of a counter flow on the flow field are then
presented.

Chapter 4 presents an experimental investigation into the flow field produced by a
rotor with a large root cut out designed to recreate the mean flow field produced by
the ventilated open core annular jet.

Chapter 5 explores the relationship between the four experiments performed. The
finding of each experiment are compared and critically discussed. The contribution of
the blade tip vortices to the development of the VRS is also explored.

Chapter 6 presents the main conclusions of this study along with recommendations
for future work to be conducted.

Appendix A includes details of the test facility including the wind tunnel test
section size,and a very brief summary of the theory behind particle image velocimetry
and laser doppler anemometry.

Appendix B includes supplementary experimental data relating to the flow field
produced by a shrouded rotor and a isolated rotor operating in axial descent.

Appendix C includes supplementary experimental data relating to the flow field
produced by a ventilated open core annular jet operating in a uniform counterflow.

Appendix D includes supplementary experimental data relating to the flow field
produced by a rotor with a large root cut out operating in axial descent.

Appendix E includes a brief description of momentum theory and the assumptions
applied when it is used to estimate the thrust produced by a rotor when it is operating
in axial flight.
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CHAPTER 2
THE VORTEX RING STATE OF A SHROUDED ROTOR

An experimental investigation into the flow field produced by a shrouded rotor,
operating in axial descent is presented. Laser Doppler Anemometry was used to
determine the induced velocity of the rotors, whilst particle image velocimetry was
used to investigate the dynamics of the unsteady flow field produced.

At low descent velocities, the mean flow field resembled that produced by a
shrouded rotor operating in hover. At slightly higher descent velocity ratios, the wake
from the shrouded rotor broke down, leading to the formation of a large region of
recirculation outboard of the shroud which aperiodically sheds into the free stream.
The diameter of the recirculation is approximately equal to the diameter of the rotor.
Further increases in descent velocity lead the centre of recirculation to form around
the external surface of the shroud. The wake from the shrouded rotor is re-ingested
by the shroud. The formation of the recirculation is coupled with the formation of a
saddle point located on the geometric centre line of the shroud. As with the isolated
rotor, the mean location of the saddle point approached the shroud outlet plane as
the descent velocity increased. The flow field produced is highly unsteady and is a
different manifestation of the classical formation of the vortex ring state, commonly
associated with rotors operating in descent. This investigation showed that shrouded
rotors entered the VRS at a lower descent velocity ratio than an isolated rotor. The
shrouded rotor entered the VRS when the descent velocity ratio was approximately
equal to to the mean induced velocity of the shrouded rotor at the shroud outlet plane.

The wake produced by the shrouded rotor contained no clear helical vortex system,
however the results presented in this chapter indicate that the mechanism responsible
for the formation of the VRS of a shrouded rotor and an unshrouded rotor are
similar. Indicating that the mutual-inductance instability of helical vortices may not be
responsible for the formation of the VRS as previously thought. The results presented
in this chapter indicate that VRS may be a manifestation of an axially induced flow
interacting with a uniform counterflow.

25
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2.1 INTRODUCTION

Shrouded rotors have been extensively used in the rotorcraft industry owing to the in-
herent safety (Young et al., 2002) and potential static performance improvements of the
design when compared to an isolated rotor Hubbard (1950). It is for these reasons that
shrouded rotors have been applied to compound helicopters for axillary propulsion
(Piasecki, 1966), hovercraft, helicopter tail rotor fenestrons for counteracting the torque
of the main rotor (‘fan in fin’) (Mouille (1970), Vuillet and Morelli (1986) and Abrego
et al. (2002)), tilt ducted fan aircraft (Newson, 1963), flying platforms, fan in wing
aircraft (Hamel, 1923), marine propellers (Schultz and Vistai, 1984), wind turbines
(Bontempo and Manna, 2016), and vertical take off and landing (VTOL) unmanned
aerial vehicles (UAVs) (Colin et al., 2016). The performance improvements occur as
a result of the diffusion of the propeller jet stream into a non-contracting wake, the
formation of a region of suction on the shrouds inlet, and the formation of a region
of large static pressure at the outlet of the shroud. A simplified schematic diagram
of a shrouded rotor is presented in figure 2.1 and a summary of the aircraft which
have incorporated shrouded rotors in their design are presented in table 2.1. It should
be noted that most of the aircraft, apart from the helicopters listed in table 2.1, were
prototypes or research aircraft which did not enter service.

2.1.1 MEAN FORCE AND SHROUDED ROTOR PERFORMANCE PARAMETERS.

Since the initial patent application by Hamel (1923), which describes a fixed wing
aircraft with propellers embedded inside the wings perpendicular to the wing chord,
there have been a number of experimental and numerical investigations into the
performance of shrouded rotors. A shrouded rotor, sometimes referred to in the
literature as a ‘ducted fan’, is defined as a propeller which is mounted inside a circular
duct or an annular wing (Fletcher, 1957). The term ’fenestron’ has been used to
describe a specific installation where a ducted fan is used to replace the unshrouded
tail rotor of a conventional helicopter. Initial investigations performed by Stipa (1932),
Krüger (1949), Platt (1948) and Gunwald and Goodson (1962) and others, attempted to
characterise the performance of a variety of shroud designs operating in hover, forward
flight, and in edge wise flight. The performance of the shroud is highly dependent on
the blade tip clearance (δtip), the inlet lip radius (rlip), the diffuser included angle (θd),
the diffuser length (Ld), and the diffusers expansion ratio σd = Ae/A which is defined
as the ratio between the diffuser exit area (Ae) and the rotor disk area (A). These
parameters are illustrated in the cross section through a shrouded rotor presented in
figure 2.1.

It is generally accepted, as a result of the experimental investigations of Hubbard
(1950), Taylor (1958), Black et al. (1968), Martin and Tung (2004) and Oweis et al.
(2006b), that blade tip clearance significantly affects the performance of shrouded
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(a) Schematic diagram of a shrouded rotor

Figure 2.1: Schematic diagrams of the general parameters found to affect the perform-
ance of a shrouded rotor. Figure adapted from Pereira (2008).
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Aircraft Name Aircraft Type Entered Service
Hiller VZ-1 Pawnee (Parlett, 1955) Flying platform No
Piasecki VZ-8 AirGeep (Parlett, 1955) Flying platform No
GE/Ryan XV-5 (Moser (1959)) Fan in wing aircraft No
Vanguard Omniplane (Ham and Moser (1958)) Fan in wing aircraft No
Doak VZ-4 (Nelson, 1959) Tilt-duct aircraft No
Bell Aerospace: X-22A (Newson (1963), Rhodes (1970), Maki and Giulianetti (1966)) Tilt duct aircraft No
XAZ-1/ MA18-B Marvelette (Thompson and Roberts, 1966) Fixed wing aircraft No
Piasecki: 16H-1 Pathfinder (Corporation., 1962) Compound helicopter Yes
Piasecki: 16H-1A Pathfinder II (Corporation., 1965) Compound helicopter Yes
Nord: 500 Cadet (Lazareff, 1968) Research aircraft No
Bell Helicopters - Model 222 (Fairchild et al., 1973) Helicopter tail rotor Yes
Model 206- JetRanger (Lemont (1982), Harr et al. (1985)) Helicopter tail rotor Yes
Sikorsky S-67 Blackhawk (Clark, 1975) Helicopter tail rotor No
BoeingâĂŞSikorsky: RAH-Comanche (Clemmons, 1992) Helicopter tail rotor Yes
Kawasaki: XOH-1 (Basset and Brocard, 2004) Helicopter tail rotor Yes
Eurocopter: SA/AS365 (Mouille and d’Ambra (1986)) Helicopter tail rotor Yes
Eurocopter: Dauphin 2 (Vuillet and Morelli (1986)) Helicopter tail rotor Yes
Eurocopter: AS565 Panther (Mouille and d’Ambra (1986),Vuillet (1989)) Helicopter tail rotor Yes
Eurocopter: Dauphin 2 (Mouille and d’Ambra (1986), Basset and Brocard (2004)) Helicopter tail rotor Yes
Eurocopter: EC120/ EC130/ EC135/635 (Mouille and d’Ambra (1986)) Helicopter tail rotor Yes
US Marine Corps: AROD (Weir (1988), Murphy and Bott (1995)) UAV Yes
Sikorsky: Cypher/ Cypher II Murphy and Bott (1995) UAV No
Honeywell: RQ-16A T-Hawk (Wilson and Schnepf (2002), Lipera et al. (2001)) UAV Yes
Perching (Gupta and Plump (2001)) UAV No

Table 2.1: Table containing a summary of the different aircraft which have incorpor-
ated a shrouded rotor in their design.

rotors. The proximity of the shroud to the blade tip impedes the formation of the
blade tip vortices, which reduces the thrust produced by an isolated rotor (Leishman,
2006). Larger blade tip clearances allow stronger blade tip vortices to form, reducing
the thrust produced by both the rotor and the shroud (Ahn, 2005). It was noted
by Oweis et al. (2006b) that the radius of the core of the vortices produced by their
shrouded rotor was not significantly different to that of blade tip vortices produced
by unshrouded rotors. Stronger blade tip vortices reduce the thrust due to suction
produced on the shroud’s inlet, by reducing the inflow velocity at the wall of the
shroud (Ahn, 2005). Safety considerations designed to prevent the rotor blades from
striking the shroud wall limit the minimum size of the blade tip clearance (Fleming
et al., 2003). However this blade tip clearance can be approximated to zero by lining
the shroud wall with a brush or an expandable material that allows the passage of the
rotor blades (Clemmons, 1992). The primary blade tip vortices were found by Oweis
et al. (2006a) and Oweis et al. (2006b) to be of a similar scale to that of the blade tip
clearance. The strength and core size of the blade tip vortices was weakly dependent
on Reynolds number (Oweis et al., 2006a). When a shrouded rotor is operating in
forward axial flight (or climb), the detrimental effects of large blade tip clearances
become smaller as the advance ratio increases (Mort, 1965). The drag (D) experienced
by a shrouded rotor was shown by Black et al. (1968) to increase as the advance ratio
increased, thereby reducing the performance benefits associated with shrouded rotors.

The effect of varying the shroud inlet lip radius and the shape of the shroud inlet
was investigated experimentally by Krüger (1949), Taylor (1958), Parlett (1955), Yaggy
and Mort (1961), Weir (1988) and Graf et al. (2008). These investigations showed that
the shape of the shroud inlet significantly affected the performance of the shrouded
rotors. Shrouded rotors with larger lip radii (rlip) typically produced an increase in
the rotor’s figure of merit. The smaller the lip radius the greater the likelihood that
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flow separates from the inlet surface (Taylor, 1958).

Black and Rohrbach (1968) and Black et al. (1968) found that one of the main
parameters that affected the performance of a shrouded rotor was the design of the
diffuser. Experimental investigations performed by Hubbard (1950), Fairchild et al.
(1973), Taylor (1958) and Cycon et al. (1992) identified diffuser length as an important
design parameter. Increasing the diffuser length postponed aerodynamic stalling
of the rotor to higher blade collective angles, thereby increasing the linearity of the
thrust collective curves and increasing the total thrust produced by the shrouded
rotor (Sheng et al., 2015). More recent CFD simulations of shrouded rotors performed
by Sheng et al. (2015) support this conclusion. The contribution of thrust produced
by the shroud increased as the shroud length was increased (Fairchild et al., 1973).
Aerodynamic stall of shrouded rotors starts at the tip of the rotor blades and works
radially inwards as the rotors rotational speed increases (Wright et al., 1991).

Due to the rapid uptake of vertical lift drone technology by the general public,
recent experimental studies have focused on small scale shrouded rotors designed to
be used on UAV/MAV (Abrego et al. (2002), Akturk et al. (2009) and Rhee et al. (2013)).
These UAVs are often required to operate in highly cluttered urban environments
in close proximity to humans. In these operational conditions, the shroud acts as a
safety feature, preventing the rotor blades from impacting with anything (Mouille
(1970), Basset and Brocard (2004)). If the effects of flow separation at the duct lip are
avoided, these small scale investigations can be used to approximate the performance
of larger scaled shrouded rotors (Goodson and Grunwald, 1962). Reynolds number
effects make the flow more likely to separate in these small scale investigations, which
utilize small rotors operating at very high rotational speeds.

2.1.2 FLUID DYNAMICS OF A SHROUDED ROTOR

Research involving shrouded rotors has mainly focused on their performance when
operating in hover, axial (forward/climbing flight), and edgewise flight. The wake
from a shrouded rotor with a centre body blockage can be characterised as a region
of low velocity air which is surrounded by a ring of higher velocity air associated
with the passage of the rotor blades. The low velocity core forms as a result of the
blockage and viscous losses of the rotor centre body. The rotor centre body typically
houses the motor and the control systems of a shrouded rotor. A shrouded rotor
produces a more uniform velocity wake compared to that of an isolated rotor. The
uniformity of the wake was found by Pereira (2008) to depend on the rotors blade
tip clearance. Shrouded rotors with larger blade tip clearances produce wakes which
closely resemble that of wakes produced by isolated rotors. Smoke flow visualisations,
performed by Krüger (1949), showed that the diameter of the wake produced by a
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(a) Hover - γ = 0o (b) Edge Wise Flight γ = 120o

Figure 2.2: Schematic diagrams of the general flow topologies associated with
shrouded rotors operating in axial flight: figure 2.2a and edgewise flight at an angle
of (γ = 120o) 2.2b.

shrouded rotor was dependent on the shape of the shroud. Hot wire anemometry
surveys, performed by Martin and Tung (2004), showed that the diameter of the wake
remains constant after it exits from the diffuser if the flow has become fully expanded
at the diffuser exit plane.

Quantitative PIV measurements and computational simulations of the flow field
produced by a shrouded rotor UAV operating in edgewise flight were performed
by Akturk et al. (2009), Akturk and Camci (2010) and Ryu et al. (2017). In edgewise
flight (γ = 90o) the effective breathing area of the rotor reduced as a result of flow
separating from the leading edge of the shrouds inlet. The wake of the shrouded rotor
impinged upon the rotor centre body. Pressure measurements showed that a large
increase in suction pressure is produced on the windward side of the shroud, and a
large suction force is produced on the leeward side of the shroud (Pereira, 2008). Both
of these factors contribute to the large pitching moment, characteristic of shrouded
rotors operating in edgewise flight. The magnitude of the nose-up pitching moment
increased as the crosswind velocity increased. At a large cross wind angle of γ = 120o,
the rotor wake was deflected by the crosswind and a saddle point formed underneath
the rotor on the windward side of the shroud (Ryu et al., 2016). A schematic diagram
of the mean flow field produced by a shrouded rotor operating at a large cross wind
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angle γ = 120o is shown in figure 2.2b.

2.1.3 ASSESSMENT OF THE EXISTING LITERATURE.

Whilst a large amount of data exists regarding the effect shroud design parameters
such as blade tip clearance, inlet lip radius, diffuser length, diffuser angle and diffuser
expansion ratio have on the performance and the structure of the flow field produced
by shrouded rotors operating in hover, forward flight and edge wise flight, there is a
lack of detailed experimental or numerical data related to shrouded rotors operating
in axial descent. This is particularly interesting given the recent surge in the number
of military and civilian unmanned aerial vehicles which incorporate shrouded rotors.
These UAVs try to take advantage of the increased thrust and safety benefits shrouded
rotors offer when compared to unshrouded rotors. UAVs are often required to operate
in urban environments where there ability to take off, hover, and descend axially can
be exploited. In axial descent, unshrouded rotors can experience a flow phenomenon
known as the VRS. In the VRS, the trailed vortex system from the rotor collapses,
forming a highly unsteady vortex-ring located around the rotor disk plane. Entry into
the VRS leads to large unpredictable thrust oscillations, the loss of control efficiency
and, in some cases, the loss of the rotorcraft. The present study aims to identify if a
shrouded rotor operating in axial descent will enter the VRS whilst providing insight
into the flight envelope of UAVs. This investigation also provides insight into the
role blade tip vortices play in the development of the VRS, because the strength of
the blade tip vortices, produced by a shrouded rotor is typically less than that of an
isolated rotor, as a result of the shroud.
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2.1.4 AIMS AND OBJECTIVES OF THIS INVESTIGATION.

The objectives and scope of this investigation are summarised below:

� Characterise the flow field produced by a shrouded rotor operating in hover;

� Characterise the flow field produced by a shrouded rotor operating in axial
descent;

� Identify if a shrouded rotor can enter the VRS;

� Quantify the influence of a shroud on the flow field produced by a rotor operat-
ing in axial descent;

� Develop the flight envelope of a shrouded rotor.
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Figure 2.3: Chord, thickness, and pitch profiles of the rotor blade used in this
investigation.

2.2 EXPERIMENTAL METHOD.

2.2.1 DESCRIPTION OF APPARATUS.

An experimental investigation into the flow field produced by a 0.1778m diameter, two
bladed, twisted, tapered, fixed pitch rotor mounted inside a shroud, operating in axial
descent, was performed. In order to allow the influence of the shroud on the flow
field to be characterised, the flow field produced by the unshrouded rotor was also
investigated. Figure 2.3 shows the chord (c), thickness (t) and blade pitch distribution
of the blade. The rotor had no cyclic input and there was no lead-lag or flap degrees
of freedom. The fibreglass rotor was lightly loaded and therefore was assumed to
be rigid. The rotor was powered by an AXI-2820/12-V2 brushless motor which was
mounted on a stand located inside the wind tunnel. The shroud was connected to the
motor using three support struts located on the inlet side of the rotor, as shown in
Figure 2.4. The rotor was operated at a constant rotational frequency of 66.3± 1Hz,
producing a rotor tip speed of Vtip = 37m/s−1 and a blade tip Reynolds number of
15, 000. The rotor was connected to the motor using a commercially available reverse
threaded taper lock propeller adaptor. The motors and propellers chosen were all
commercial components readily available from most UAV drone retailers.

The shroud, shown in figure 2.4, was 3D printed out of Prototyping PLA (FDM),
and was designed based on the investigation performed by Pereira (2008) to optimise
the hovering performance of a shrouded rotor. The shroud had an inlet lip radius of
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Figure 2.4: Schematic diagram of the shroud used for this investigation.

rlip = 0.13Dt = 0.02m, a blade tip clearance (δtip ≈ 0.001m), a diffuser angle θd = 10o,
and a diffuser length of Ld = 0.5Dt = 0.089m. The rotor disk plane was located at the
throat of the shroud. Rather than a single surface, inner wall-only shroud, which is
characteristic of shrouds used in earlier investigations to characterise the performance
of hovering shrouded rotors, a smooth curve was used to describe the external profile
of the shroud. A schematic diagram of the shrouded rotor installed in the wind tunnel
is shown in figure 2.5. The shrouded rotor was orientated to induce velocity (Ui)

against the wind tunnel, so that the wind tunnel speed (Uo) represented the descent
velocity of the shrouded or unshrouded rotor.

The small blade tip clearance ensured that the strength of the blade tip vortices
contained within in the wake of the shrouded rotor was significantly less than those
produced by the isolated rotor Oweis et al. (2006b) thereby allowing the role of the
blade tip vortices on the development of the VRS to be investigated.

A Cartesian (x,y,z)-coordinate system, with its origin at the geometric centre of
the shroud outlet plane, is defined so that the y-axis is vertically upwards and the
x-axis is orientated against the direction of the wind tunnel free stream. The counter-
flow was produced using University of Glasgow’s, DeHavilland wind tunnel. This
atmospheric closed return, low speed wind tunnel is capable of achieving speeds of
up to |Uo| = 50m/s in the 2.65m wide by 2.04m high octagonal test section with a
turbulence intensity below 0.4%. The shrouded and unshrouded rotors were both
exposed to a range of descent velocities ranging from α = (|Uo|/Ui) = 0 to α = 2.5.
The test rig shown in figure 2.5, had a negligible wind tunnel blockage of 2%. Previous
experiments performed by Ganzer and Rae (1960) and Lehman and Besold (1971)
showed that the wake from a rotor, operating in forward flight, did not interact with
the wind tunnel walls so long as the diameter of the wind tunnel is at least twice the
diameter of the rotor and the advance ratio is greater than 0.1 (Leishman, 2006). Rae
and Shindo (1969) showed that at advance ratios less than 0.1 a stagnation point forms
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Figure 2.5: Schematic diagram of the shrouded rotor installed in the DeHavilland
wind tunnel.

at the interaction between the rotor wake and the wind tunnel boundary layer. Once
this occurs the structure of the flow field produced no longer represents that of an
unrestricted rotor. Therefore the advance ratio at which this occurs is typically used
to define the minimum advance ratio experiments on a rotor, operating in forward
flight, can be performed inside a specific wind tunnel (Barlow et al., 1999). To the
authors knowledge the effect wind tunnel dimensions have on the structure of the
flow field produced by a rotor inducing flow against the wind tunnel flow has not
been investigated therefore smoke flow visualisation was used to ensure that the
rotor wake did not interact with the wind tunnel walls. Homogeneous seeding of
the wind tunnel for both PIV and LDA was achieved using a Pivtec-GmbH seeder,
incorporating 160 Laskin nozzles with a mean olive oil particle substrate diameter of
0.9µm, as stated by the manufacturer (PIVTechGmbH., 2019).

A commercially available Dantec Dynamics two-component Laser Doppler Anemo-
metry (LDA) system was used to investigate the velocity profile produced by both the
shrouded and unshrouded rotors 1.48R upstream of the rotor disk plane (x/R = 0.48).
Throughout this thesis upstream and downstream are used to describe locations in
the flow field with respect to the direction of the wind tunnels flow. Optical axis
prevented measurements of the velocity profile inside the shroud, however additional
measurements were taken 0.48R upstream of the rotor disk plane (x/R = −0.52).
The system consists of two diode pumped solid state 1W lasers with wavelengths
of 488nm and 514nm mounted on a Dantec 9041T3332 3D (1m x 1m x 1m) traverse
system, capable of scanning the measurement volume with a positional accuracy of
±0.01mm. The lasers were both orientated at an angle of 2.5o coinciding to form a 2.62
x 0.12 x 0.12mm measurements volume.The system was operated in burst mode with
transit (residence) time enabled to allow for the accurate calculation of the mean flow
velocity, and prevent high velocity bias for high turbulent flows as defined by Zhang
(2010), George (1988) and Albrecht et al. (2013). The measurement planes through out
this thesis were defined on the basis of where important features of the manifestation
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Figure 2.6: Schematic diagram of the PIV regions of interest and LDA planes in-
vestigated for the unshrouded rotor in axial descent. The outline of the shroud has
been included to contextualise the investigation of the isolated rotor with the shrouds
location.

of the VRS occurred.

Two component PIV in the symmetry plane along the longitudinal centre line of
the rotor was performed in order to assess the structure of the flow field. A 532nm
wavelength Litron double cavity oscillator amplified, Nd:YAG laser with an output
energy of 100mJ per pulse was used to deliver the light sheet. A Phantom V341 digital
high speed 4 Megapixel camera with a 2560 X 1600 pixel CMOS sensor fitted with
a Samyang 135mm focal length set to f # = 2.0 was used to acquire the raw images.
The flow field produced by the shrouded rotor was split into two distinct regions:
Region 1: Shroud Outlet; Region 2: Around the Shroud, as shown in figure 2.7. A
single region of interest, presented in figure 2.6, was used to investigate the flow field
produced by the unshrouded rotor. This was used because the flow field produced by
an isolated rotor in axial descent has previously been investigated in detail (Green
et al., 2005). Three sets of 600 image pairs were recorded at a frequency of 200Hz for
a range of counterflow velocities for each of the regions of interest investigated. A
time delay of ∆t = 200µs was used for all experimental configurations investigated.
Optical access, smoke flow visualisation results, laser safety and camera resolution
were responsible for the determination of the PIV regions of interest used in each of
the experimental configurations investigated in this thesis.
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Figure 2.7: Schematic diagram of the PIV regions of interest and LDA planes investig-
ated for the shrouded rotor in axial descent.

Rotor configuration Plane of investigation (x/R) Radial Resolution Error εu
Isolated Rotor −0.52 0.08R 0.2%
Isolated Rotor 0.48 0.08R 0.3%
Shrouded Rotor 0.48 0.08R 0.3%

Table 2.2: Table summarising the accuracy of the LDA.

2.2.2 LDA ANALYSIS METHODOLOGY AND ACCURACY.

Characterisation of the flow field produced by the isolated rotor operating in hover,
was performed on a grid of sample points concentrically spaced around the centre of
the rotor, with azimuthal and radial resolutions of 15o and 0.08R respectively. Each
of the 289 points were sampled over a period of 10s. The measurements were taken
on a plane 0.48R upstream of the rotor disk plane (x/R = −0.52). The approximate
accuracy of the mean flow field of the isolated rotor, was calculated as being±0.01ms−1,
which corresponds to 0.2% of the rotors peak induced velocity. A similar grid of
sample points with a radial and azimuthal resolution of 0.08R and 15o was used to
characterise the flow field produced by the shrouded and unshrouded rotor, 1.48R
from the rotor disk plane. This corresponds to a plane 0.48R from the shroud outlet
plane.

In descent 218 data points along the horizontal and vertical axes of symmetry of
the isolated rotor, on both planes of investigation, were sampled for a period of 10s
with a spatial resolution of 0.08R. Optical axes prevented measurements from being
taken inside the shroud (i.e.−1.3 < (x/R < 0)) therefore measurements of the flow
field produced by the shrouded rotor were only taken on a plane 1.48R from the rotor
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PIV region of interest Resolution Magnification factor (M) Error εu
Shrouded Rotor Region 1 0.0013R x 0.0017R 6.4pixel/mm 0.078m/s
Shrouded Rotor Region 2 0.0018R x 0.0018R 6.1pixel/mm 0.08m/s
Unshrouded Rotor Region 1 0.0016R x 0.0016R 6.922pixel/mm 0.072m/s

Table 2.3: Table summarising the accuracy of the PIV.

disk plane (x/R = 0.48). The position of the LDA measurement planes are shown in
figure 2.6 and 2.7. The accuracy of the LDA system is dependent on the orientation
of the LDA probe head and the traverse with respect to the wind tunnel free stream.
The probe was aligned perpendicular to the free stream flow with an accuracy of
±0.5o. The alignment of the traverse to the wind tunnel wind tunnel free stream
was measured to be less than 0.5o by measuring the displacement of the laser focal
point from the centre line of the wind tunnel over a 1m traverse. Table 2.2 contains a
summary of the resolution and relative accuracy of the LDA planes of investigation.

2.2.3 PIV ANALYSIS METHODOLOGY AND ACCURACY.

Post processing of the raw PIV images was completed using the commercially available
software Davis V8.2. PIV of image regions closer than 0.004m to the solid surface of the
shroud were unreliable as a result of glare, therefore measurements were only made
to within 0.005m of the shroud surface. The results presented in this chapter were
produced using a multi-pass cross correlation algorithm with interrogation windows
of 48 x 48 pixels with a 50% overlap, followed by an interrogation window of 24 x
24 pixels with a 50% overlap. The resolution of the PIV was approximately 0.002R x
0.002R/pixel for all regions of interest. The uncertainty of the velocity measurements
was estimated to be approximately εu = 0.077ms−1 for each of the interrogation
regions (Raffel et al., 2007). A maximum displacement error of 0.1pixels was assumed
for each of these PIV regions. By assessing the distortion of a calibration plate located
coincidently with the laser light sheet across the camera lens. The alignment of the
camera to the laser light sheet was calculated, by the software to be less than 1o for
all experimental investigations investigated in this thesis. A summary of the precise
values for each region of interest is presented in table 2.3. The unsteadiness of the
flow field was assessed by calculating the root mean square (RMS) of the fluctuations
of the measured axial velocity about the mean axial velocity.

2.2.4 PROPER ORTHOGONAL DECOMPOSITION (POD).

Proper Orthogonal Decomposition (POD) by single value decomposition of the flow
field was performed to identify the dominant structures of the flow field (F) was
developed in accordance with the method summarised by Taira et al. (2017). Each PIV
snapshot, of a sequence of n snapshots consists of a uniform grid of discrete velocity
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Figure 2.8: Example of the process used to decompose the discrete velocity data
provided by PIV into the matrix (F) that Proper Orthogonal Decomposition was
performed on.

components of size ηηxηε as shown in figure 2.8. The two velocity components were
separated into individual matrices of size ηηxηε before being recombined to form a
column vector f (tk) of size 2ηηηε as shown in figure 2.8. Matrix (F) is then produced
by combining the column vectors f (t) together F = [ f (t1), f (t2), f (t3), ... f (tn)]. In
POD, the martix (F), which contains the individual velocity components of each
instantaneous PIV image pair, is decomposed into a set of orthonormal basis functions,
using single value decomposition, that represent the flow field in the most ‘optimal’
way (F = ΦΣΨ). Matrices Φ and Ψ contain the left and right singular vectors of F,
and matrix Σ contains the singular values along its leading diagonal. When referring
to POD analysis, ‘optimal’ is used to describe the relative contribution of a given POD
mode to the overall kinetic energy of the flow structures. That is, large energetic flow
structures that systematically appear in the flow field are captured in the first few
POD modes. Summation of the generated modes allow the mean flow field to be
reconstructed from the POD modes as well as the reconstruction of individual velocity
flow fields. Normalisation of the singular values with respect to the sum of all other
singular values allowed the probability of occurrence of that mode in the fluctuating
flow to be deduced. The non-zero values of F are the square roots of the non zero
eigenvalues of FF∗ and F∗F. In order to evaluate the importance of each POD mode on
individual velocity fields, an analysis of the temporal coefficients, contained in matrix
Ψ associated with each POD mode can be performed. Patter-Rouland et al. (2001)
showed that the temporal coefficients of mode Ψ(n) represent the influence mode
’m’ has on the development of each instantaneous velocity field ( fn). An example of
the variation of the reconstruction coefficients, and therefore the influence of the first
three POD modes on 100 instantaneous velocity flow fields is shown in figure 2.9.
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Figure 2.9: An example of the variation of the reconstruction coefficients of two POD
modes in 300 instantaneous velocity fields.

Extracting the contribution of the ‘mth’ POD mode from the instantaneous velocity
fields, which correspond to the maximum and minimum reconstruction coefficients
forms of the flow field. Subtracting the reconstruction coefficient forms of the POD
mode from the mean flow field allowed the influence of each POD mode on the
structure of the flow field to be determined.

Flow fields with ordered unsteadiness (e.g. periodic vortex shedding) contain a
large proportion of energy within their first few POD modes. Whilst highly disordered
flow fields, which have a larger number of small scale flow structures have a larger
number of low energy ratio POD modes. Therefore the energy distribution of the POD
modes can be used to compare the unsteadiness and the disorder of the flow field.

To test the statistical convergence of the POD analysis, it was performed using
300 and 600 PIV image pairs. The results obtained from processing fewer vector
maps were qualitatively similar to those obtained using 600 for the first few POD
modes. However, for increased POD mode numbers (m > 6), significant differences
were observed, but the low modal energies contained within these modes meant
that the effect of these modes to the structure of the flow field was negligible. For
all experimental configurations investigated in this thesis, the first two POD modes
were further assessed by varying the number of vector maps from 200 to 600 in each
mode for assessment of convergence. For all low velocity cases the structure of the
POD mode converged within 400 vector maps. At higher velocity ratios, the POD
convergence occurred at around 500 vector maps (see Appendix B, C and D).
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Figure 2.10: Averaged axial velocity component (u) produced by the unshrouded
rotor operating in hover 0.48R from the rotor disk plane (x/R = −0.52). This figure
was produced using LDA, and each sample point location is displayed by a white
cross. The rotor blade tip path −− (white) and the shroud outlet lip −− (black) have
been projected onto the plane of investigation.

2.3 RESULTS

2.3.1 CHARACTERISATION OF THE FLOW FIELD PRODUCED BY A SHROUDED

ROTOR OPERATING IN HOVER.

The flow field produced by the isolated and shrouded rotors operating in hover was
characterised using LDA and PIV. This was deemed necessary in order to allow estim-
ates of the averaged induced velocity across the rotor disk and the shroud outlet plane
to be calculated. This was used to scale the descent velocity of the rotor. Previous
investigations have used shrouds with a centre body located in the core of the shroud.

MEAN FLOW ANALYSIS.

LDA RESULTS.

The mean axial velocity component (u) in a cross-stream plane 0.48R upstream (with
respect to the wind tunnel flow direction) of the rotor disk plane is presented in figure
2.10 (x/R = −0.52). Based on the axial velocity profile generated by the rotor, the
induced velocity UiR = 3.8 of the unshrouded rotor was calculated using equation 2.1,
where u is the time averaged induced velocity of the rotor and (Ai) is the area of the
region investigated using LDA. For unshrouded rotors operating in axial descent this
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Figure 2.11: Averaged axial velocity component (u) produced by the shrouded rotor
operating in hover 0.48R from the shroud outlet plane (x/R = 0.48). This figure was
produced using LDA and each sample point location is displayed by a white cross.
The rotor blade tip path −− (white) and the shroud outlet lip −(white) have been
projected onto the plane of investigation.

is typically used to scale the descent velocity of the rotor. When the ratio of descent
velocity (|Uo|) to hover induced velocity UiR is approximately one (|Uo|/UiR ≈ 1)
the rotor is operating in the VRS (Bothezat, 1919). It was not possible to characterise
the induced velocity of the rotor inside the shroud, therefore measurements of the
wake were taken on a plane 0.48R from the shroud outlet plane (1.48R from the rotor
disk plane). Figure 2.11 shows the mean axial velocity profile at the outlet of the
shroud. A notional induced velocity (Ui = 3.3ms−1) of the shrouded rotor was also
calculated using equation 2.1. The notional induced velocity of the shrouded rotor
was used to scale the descent velocity of both the isolated and the shrouded rotor
(α = |Uo|/Ui). LDA velocity profiles along the vertical (y) and horizontal (z) axes of
symmetry of both the unshrouded and shrouded rotor outlet planes extracted from
figures 2.10 and 2.11 are presented in figure 2.12a. Radial and tangential velocity
distribution are presented in figures 2.12b and 2.12c respectively . The results show
that the wake from a shrouded rotor is approximately radially symmetric, with a
maximum variation of 3.9%. Blockage effects resulting from the shroud support struts
on the inlet side of the rotor are believed to be responsible for the slight variation of
axial velocity profiles. The extracted profiles presented in figure 2.12 indicate that the
shroud does not significantly affect the mean axial velocity profile produced by the
rotor. As expected, the axial velocity component is significantly larger than the radial
or tangential velocity components of the rotor wake. The mean axial velocity profile is
represented as a region of low velocity air underneath the rotor hub surrounded by
a region of higher velocity air. Analysis of figure 2.12b shows that, at a distance of
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(a) Axial velocity (u). (b) Radial velocity.

(c) Tangential velocity.

Figure 2.12: LDA velocity profiles along the horizontal and vertical axes of symmetry
of the shrouded and unshrouded rotor are presented in this figure. Two planes of
investigation are presented 0.48R from the rotor disk plane (x/R = −0.52) and 1.48R
from the rotor disk plane (x/R = 0.48)

(x/R = 1.48) from the rotor disk plane, the mean axial and tangential velocity profiles
are less sharp than those obtained on a plane (x = 0.48R) from the rotor disk plane.
Diffusion of the rotor wake is responsible for this variation of the rotor wake. By
comparing the velocity profiles produced by the shrouded rotor and the unshrouded
rotor on a plane (x = 1.48R) from the rotor disk plane, it is clear that the effect of the
shroud on the mean outflow is negligible. It is theorized that this is a consequence of
this particular shroud design.

Ui =

∫ 1.1R
0 2πurdr

Ai
(2.1)
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Figure 2.13: Mean axial velocity profile (u) produced by the isolated rotor operating
in hover. The velocity has been scaled with respect to the notional induced velocity
(Ui) at the shrouds outlet. Mean flow streamlines , calculated using a forward
euler prediction algorithm implemented in the Matlab function ’streamline’ have been
indicated to highlight specific features of the flow field.

PIV RESULTS.

The mean flow field produced by a hovering rotor is show in figure 2.13. As expected,
the mean axial velocity profile of the rotors wake can be represented as a region of
low velocity air surrounded by a ring of high velocity air. Mean flow streamlines,
produced using a forward euler prediction algorithm implemented in the MATLAB
Function ’streamline’, indicate that the rotor induces a downwash which extends more
than 2.4R from the rotor disk plane. Analysis of figure 2.14 shows that the mean flow
field produced by the shrouded rotor is topologically similar to that produced by
the isolated rotor. The wake from the shrouded rotor propagates more than 4R from
the shroud outlet plane. The average flow fields presented in figure 2.13 and figure
2.14 were both produced using the same rotor, operating under the same operational
conditions, however one is shrouded and the other is unshrouded. The different thrust
generation mechanisms were not considered important in this investigation as the
focus was on the average induced velocity profiles of the two configurations. It should
be noted that figure 2.14 was produced by stitching together the mean flow field
results of two PIV regions of interest using linear interpolation. Earlier investigations
into the flow field produced by a shrouded rotor, performed by Martin and Tung
(2004), identified a region of reverse flow underneath the rotors centre body. This
region of reverse flow is not observed in the mean flow field presented in figure 2.14
or the LDA velocity profiles presented in figure 2.12. The absence of a rotor centre
body inside of the shroud is believed to be responsible for this variation of the mean
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Figure 2.14: Mean axial velocity profile (u) produced by the shrouded rotor operating
in hover. The velocity has been scaled with respect to the notional induced velocity
(Ui) at the shrouds outlet. Mean flow streamlines , calculated using a forward
euler prediction algorithm implemented in the Matlab function ’streamline’ have been
indicated to highlight specific features of the flow field. Note this is a montage of the
mean velocity profile of PIV region 1 and 2 stitched together using linear interpolation.

velocity profile.

The mean axial flow velocity profiles produced by the unshrouded and shrouded
rotor on the rotor centreline, are presented in figure 2.15. The velocity profiles
presented in figure 2.15 were extracted from figure 2.13 and figure 2.14. Figure 2.15
shows that the wake from the isolated rotor initially accelerated as the distance from
the rotor disk plane increased. This occurs because of the conservation of momentum
of the rotor wake and the influence of the blade tip vortices that are above and below
the point of interest. The wake from the shrouded rotor also initially accelerated as
the distance from the shroud outlet plane increased. However the rate of acceleration
of the shrouded rotors wake was lower than that of the isolated rotor. Upon exiting
the shroud the flow accelerates due to the conservation of momentum of the shrouded
rotors wake. The wake from the unshrouded and the shrouded rotor reached a
maximum mean axial velocity component of u/Ui = 1.6 at distances of 3R and 5.2R
from the rotor disk plane. The velocity at the shroud outlet plane produced by the
shrouded rotor is lower than the velocity produced by the unshrouded rotor at the
same distance from the rotor disk plane (x/R = 0).
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Figure 2.15: Mean axial velocity profile (u) along the longitudinal axis u(x, 0, 0) scaled
with respect to the notional induced velocity of the rotor. (Ui).

UNSTEADINESS OF THE FLOW FIELD PRODUCED BY A SHROUDED ROTOR OPERATING

IN HOVER.

urms =

√
1
n
((u1 − ū)2 + (u2 − ū)2 + ....... + (un − ū)2) (2.2)

The RMS of the axial velocity component (urms), produced by an unshrouded and
a shrouded rotor, are presented in figure 2.16 and figure 2.17, respectively. The RMS
of the fluctuations was calculated using equation 2.2 where n is the number of image
pairs recorded, un is the instantaneous velocity component and ū is the averaged
velocity component. Analysis of figure 2.16 shows that four regions of unsteady
flow extend downwards, away from the rotor disk plane. Analysis of individual PIV
image pairs, such as the vorticity plots presented in figure 2.18, revealed that these
regions are associated with the passage of the blade root and tip vortices. The vorticity
plots presented throughout this thesis were calculated from the curl of the flow field
~w = ∇× f .The third component of the vorticity wz of the flow can be expressed as
a scalar value [

d fy
dx −

d fx
dy ] as shown in equation 2.3. The differentials of the flow field

d fy
dx , d fx

dy ], were calculated using a least square method, which incorporated a weighted
differential from four adjacent points in the x and the y direction, in accordance with
the method described by Raffel et al. (2007).


d

dx
d

dy
d
dz

×
 fx

fy

fz

 =


d fz
dy −

d fy
dz

d fx
dz −

d fz
dx

d fy
dx −

d fx
dy

 =

wx

wy

wz

 (2.3)
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Figure 2.16: Contour plots of the RMS of the fluctuations about the mean axial
velocity (urms) produced by the unshrouded rotor operating in hover. The RMS of the
fluctuations is scaled with respect to the notional induced velocity of the shrouded
rotor (Ui).

At a distance of 3R from the rotor disk plane (x/R = 1.5) the structures of the
rotor wake break down as a result of the three natural instability modes of helical
vortices (Gupta and Plump, 2001). No clear structures could be observed in the wake
at displacements greater than (x/R > 1.5). The wake from a shrouded rotor also
shows four distinct regions of unsteadiness, which broaden and merge together as the
distance from the shroud outlet plane increased. However, no clear vortical structures
could be observed in the wake from the shrouded rotor, as shown by the instantaneous
vorticity plot presented in figure 2.18b. The unsteadiness is, therefore, associated with
the shear layers produced by the shrouded rotors wake interacting with the quiescent
surroundings. In general, the RMS of the fluctuations of the wake produced by the
shrouded rotor was lower than those produced by the isolated rotor. This indicates
that the flow field produced by the shrouded rotor is generally steadier than that of
the isolated rotor.
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Figure 2.17: Contour plots of the RMS of the fluctuations about the mean axial velocity
(urms) produced by the shrouded rotor operating in hover. The RMS of the fluctuations
is scaled with respect to the notional induced velocity of the shrouded rotor (Ui).
Note this is a montage of the RMS of the fluctuations about the mean axial velocity
profiles of PIV regions 1 and 2 stitched together using linear interpolation.
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(a) Isolated Rotor

(b) Shrouded rotor

Figure 2.18: Instantaneous contour plots of the third component of vorticity [
d fy
dx −

d fx
dy ]

contained within the flow field produced by the unshrouded (fig 2.18a), and the
shrouded rotor (fig 2.18b), at a velocity ratio of α = 0.0. Note the existence of a system
of blade root and tip vortices in the unshrouded rotors wake.
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2.3.2 EFFECT OF AXIAL DESCENT ON THE MEAN FLOW FIELD PRODUCED BY

A SHROUDED ROTOR IN AXIAL DESCENT.

LDA RESULTS.

Figure 2.20 and figure 2.21 show the development of the mean velocity profiles
produced by an isolated and a shrouded rotor on a plane 1.48R from the rotor disk
plane x/R = 0.48, as the velocity ratio was increased from α = 0 to α = 2.0. At low
velocity ratios (α < 1.2), the mean axial velocity profile of the isolated rotor developed
to resemble that of a round jet, with a single peak velocity located at the centre of the
rotor (y/R = 0) (Bernero., 2000). The peak velocities associated with hovering rotors
at a radial ordinate of y/R = ±0.7 could no longer be observed. This indicates that the
helical structures associated with the passage of the blade tip vortices at this location
have broken down as a result of the natural instabilities of helical vortices (Leishman
et al., 2004). Coupled with the gradual formation of strong radial velocities, this
indicates that the rotor wake is deflected radially outboard. Peak velocities occurred
outboard of the rotor at radial ordinates of y/R = ±1.4. Analysis of figure 2.20c
shows that the tangential velocity of the rotor wake, at a displacement of 1.48R from
the rotor disk plane, gradually reduced from a maximum at α = 0.0, to zero at a
velocity ratio of α = 1.4. Closer to the rotor disk plane, the tangential velocity of the
rotor reduced to zero once the velocity ratio approached α = 2.0. At descent velocities
below α < 1.2 the tangential velocity profile of the rotor appeared to be unaffected.
At higher velocity ratios (α ≥ 1.3) the axial velocity profile becomes negative (−u)
indicating that the interaction between the rotor wake and the wind tunnel free stream
occurs downstream of the plane of investigation (x/R < 0.0). At α = 1.3, a region
of higher magnitude axial velocity flow forms in the centre of the rotor, surrounded
by a region of lower velocity flow (figure 2.20a). This indicates that the wind tunnel
free stream penetrates through the plane of investigation in line with the rotor hub
(y/R = 0.0).

Analysis of the velocity profiles on a plane 0.48R from the rotor disk plane
(x/R = −0.52), shown in figure 2.19, indicate that similar trends are observed in
the velocity profiles on a plane closer to the rotor disk plane at different velocity
ratios. Closer to the rotor, a region of lower velocity flow forms in the centre of the
rotor. As the descent velocity increased this region develops into the conical region of
reverse flow which was identified by Brinson (1998). The region of the rotor which
experiences reversed flow increases until the entire plane of investigation experiences
a negative axial velocity component (−u). At this point the rotor is operating in the
windmill brake state. The location of the peak mean axial velocity component moves
radially outboard from y/R = ±0.43 at α = 0.0 to y/R = ±0.78 at α = 1.4, as a result
of the penetration of the wind tunnel free stream through the rotor disk plane. Close
to the rotor, the radial velocity component of the rotor wake was not significantly
affected until the rotor was operating at a decent velocity ratio of α ≥ 1.3. At velocity
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(a) Axial velocity (u). (b) Vertical velocity component (v).

(c) Tangential velocity.

Figure 2.19: LDA mean velocity profiles along the axis of symmetry of the isolated
rotor on a plane 0.48R from the rotor disk plane (x/R = −0.52), as the descent
velocity ratio was varied from α = 0 to α = 2.0.
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(a) Axial velocity (u). (b) Vertical velocity component (v).

(c) Tangential velocity.

Figure 2.20: LDA mean velocity profiles along the axis of symmetry of the isolated
rotor on a plane 1.48R from the rotor disk plane (x/R = 0.48), as the descent velocity
ratio was varied from α = 0 to α = 2.0.

ratios greater than α ≥ 1.3 the rotor wake and the wind tunnel free stream is deflected
radially outboard. As expected, the magnitude of the velocity components are all
higher close to the rotor disk plane, as shown in figure 2.19b. Similar trends can be
observed in the radial velocity profiles produced by the shrouded rotor, presented
in figure 2.21b. Once again, at low velocity ratios the radial velocity component of
the shrouded rotor wake resembles that produced by the shrouded rotor when it is
operating in hover. At higher velocity ratios α ≥ 1.2, strong radial velocity components
were recorded, indicating that the shrouded rotor wake and the wind tunnel free
stream are deflected around the shroud. Analysis of figure 2.21c shows that the
tangential velocity profile of the shrouded rotor, operating in axial descent, is similar
to that produced by the unshrouded rotor on the same plane of investigation. Both
show the gradual reduction of the tangential velocity component to zero at α = 2.0.
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Figure 2.21a shows the mean axial velocity component of the shrouded rotor
wake 1.48R from the rotor disk plane. As with the isolated rotor, as the velocity
ratio was increased from α = 0.4 to α = 0.9, the mean axial velocity profile becomes
uniform across a large portion of the shroud outlet plane (y/R ≤ |0.4|). No significant
effect could be observed in the mean axial velocity profile across the shroud outlet
plane (y/R ≤ |1.0|), when the descent velocity ratio was increased from α = 0.4 to
α = 1.2. Increasing the descent velocity further, leads to a reduction in the mean axial
velocity across the shroud outlet plane. At a velocity ratio of α = 1.4, the mean flow
across the shroud outlet plane is negative (−u), indicating that the rotor wake does
not extend through the plane of investigation. Instead, the wind tunnel free stream
passes through the plane of investigation. Unfortunately, the velocity profile inside
the shroud was beyond the scope of this investigation. A comparison of the mean
velocity profiles produced by the shrouded and unshrouded rotor, on a plane 1.48R
from the rotor disk plane (x/R = 0.48), are presented in figure 2.22. From figure 2.22,
it is clear that, at velocity ratios below (α = 1.2), the velocity profile produced by the
shrouded rotor is similar to that produced by the unshrouded rotor at this plane of
measurement. At low velocity ratios α ≤ 1.2 the velocity of the wake produced by the
shrouded rotor was typically greater than that produced by the unshrouded rotor.



54 Chapter 2

(a) Axial velocity (u). (b) Radial velocity.

(c) Tangential velocity.

Figure 2.21: LDA mean velocity profiles along the axis of symmetry of the shrouded
rotor on a plane 1.48R from the rotor disk plane (x/R = 0.48), as the descent velocity
ratio was varied from α = 0 to α = 2.0.
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Figure 2.22: Selective comparison of the mean LDA velocity profiles along the vertical
axis of symmetry of the shrouded and unshrouded rotor, on a plane 1.48R from the
rotor disk plane (x/R = 0.48), as the descent velocity was varied from α = 0 to
α = 2.0.
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PIV RESULTS.

Figure 2.23 and figure 2.24 show the development of the mean flow fields below the
isolated and shrouded rotor, as the descent velocity was increased from hover α = 0
to α = 1.4. As expected, the results presented in figure 2.23 related to the mean flow
field produced by an isolated rotor operating in axial descent were similar to those
presented by Green et al. (2005). These results showed that, at low descent velocity,
the near flow field is similar to that produced by a hovering rotor. As the descent
velocity increased, the rotor wake was increasingly encroached upon by the wind
tunnel free stream. At the interaction between the rotor wake and the wind tunnel
free stream, a saddle point forms in line with the rotor hub. Analysis of figures 2.23d,
2.23e, 2.23f and 2.23g shows that the saddle point moves towards the rotor disk plane
as the descent velocity increases, moving from x/R ≈ 1.8 at α = 1.0 to x/R ≈ −0.3
at α = 1.3. It is hypothesised that, at low descent velocities, the interaction between
the rotor wake and the wind tunnel free stream will occur outside of the region of
investigation (x/R > 2.0). As in the research of Green et al. (2005), the fate of the
saddle point upon reaching the rotor disk plane could not be determined. At higher
descent velocity ratios a conical region of reverse flow penetrates up to the rotor disk
plane. Outboard of the rotor a large region of recirculation forms. At a velocity ratio
of α = 1.0 the centre of the recirculation is located 1.2R from the rotor disk plane and
1.2R outboard of the rotor hub (x/R = −0.3, y/R = 1.2). As the descent velocity was
increased, the recirculation moves from below the rotor to above the rotor disk plane
until the rotor enters the windmill brake state. The flow topology described above is
characteristic of the flow field produced by a rotor operating in the VRS.

Figure 2.24 shows the development of the mean flow field produced by a shrouded
rotor, as the descent velocity ratio was again increased from α = 0.0 to α = 1.4. When
compared to the PIV measurements of an isolated rotor the same general topological
features can be observed. At low descent velocities, the the flow field resembles that of
a round jet, with a single centralised velocity peak located on the geometric centreline
of the shroud. The ring of high velocity air surrounding a region of low velocity air
can no longer be observed. Mean flow saddle points form at the interaction between
the rotor wake and the wind tunnel free stream, on the geometric centreline of the
shroud as a result of the radial deflection of the rotor wake. Analysis of figure 2.24
shows that the saddle point moves towards the shroud outlet plane as the descent
velocity was increased, moving from x/R ≈ 3.5 at α = 0.9 to x/R ≈ 0.6 at α = 1.3.

The structure of the flow field inside the shroud was not investigated, therefore
the fate of the saddle point, once it passes through the shroud outlet plane, could not
be determined. Figure 2.26b shows the mean flow field produced by the shrouded
rotor when it is operating at a descent velocity ratio of α = 2.0. At this velocity ratio,
no air exits the shroud through the shroud outlet plane. Instead, the wind tunnel free
stream passes through and around the shroud. At this point, the shrouded rotor is
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(a) α = 0.0. (b) α = 0.8.

(c) α = 0.9. (d) α = 1.0.

(e) α = 1.1. (f) α = 1.2.

(g) α = 1.3. (h) α = 1.4.

Figure 2.23: Averaged mean axial velocity contour plots of the unshrouded rotor (PIV:
Region 1) as the descent velocity |Uo| increases from α = 0.0 to 1.4. Streamlines and
a reduced number of velocity vectors are superimposed onto the contour plots. All
of the velocity vectors are scaled with respect to the notional induced velocity, (Ui).
Note: the formation of a saddle point in figure 2.23d, 2.23e, 2.23f and 2.23g.
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(a) α = 0.0. (b) α = 0.8.

(c) α = 0.9. (d) α = 1.0.

(e) α = 1.1. (f) α = 1.2.

(g) α = 1.3. (h) α = 1.4.

Figure 2.24: Averaged mean axial velocity plots of the shrouded rotor (PIV: Region 1)
as the descent velocity |Uo| increases from α = 0.0 to 1.4. Streamlines and a reduced
number of velocity vectors are superimposed onto the contour plots. All of the
velocity vectors are scaled with respect to the notional induced velocity, (Ui). Note:
the formation of a saddle point in figure 2.24c, 2.24d, 2.24e, 2.24f and 2.24g.
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(a) α = 0.0. (b) α = 0.8.

(c) α = 0.9. (d) α = 1.0.

(e) α = 1.1. (f) α = 1.2.

(g) α = 1.3. (h) α = 1.4.

Figure 2.25: Averaged mean axial velocity plots of the shrouded rotor (PIV: Region 2)
as the descent velocity |Uo| increases from α = 0.0 to 1.4. Streamlines and a reduced
number of velocity vectors are superimposed onto the contour plots. All of the velocity
vectors are scaled with respect to the notional induced velocity, (Ui). Note: Only half
of the saddle point can be observed in figure 2.25e, 2.25f and 2.25g.
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(a) Isolated rotor α = 2.0 (b) Shrouded Rotor α = 2.0

Figure 2.26: Mean axial velocity plots of flow field produced by a shrouded rotor
operating at a descent velocity ratio of α = 2.0. Streamlines and a reduced number of
velocity vectors are superimposed onto the contour plots. All of the velocity vectors
are scaled with respect to the notional induced velocity (Ui).

operating in a state analogous to the windmill brake state of an isolated rotor. Due
to the penetration of the wind tunnel free stream through the shroud outlet plane,
shown in figure 2.24h, and the rotor disk plane of the isolated rotor, shown in figure
2.23h, both show the formation of a conical region of reversed flow inline with the
centre of the rotor. It is believed that the saddle point would continue to approach the
rotor disk plane of the shrouded rotor. Once again the fate of the saddle point after it
reached the rotor could not be determined.

The development of the mean flow field outboard of the shroud is shown in figure
2.25. This figure shows that, at low descent velocities, the mean flow field produced by
a shrouded rotor is similar to that produced by the isolated rotor. Both configurations
indicate the formation of a large region of recirculation outboard of the rotor or
shroud. At α = 0.8 the centre of the recirculation, shown in figure 2.25b, is located
approximately 2.4R upstream of the shroud outlet plane and 2.0R from the core of
the shroud. As the descent velocity increased the recirculation moved from upstream
of the shroud to around the side of the shroud, as shown in figure 2.25e, where at
α = 1.1, the centre of the recirculation is located close to leading edge of the shroud
outlet (x/R ≈ 0, y/R ≈ 1.5). At velocity ratios greater than α ≥ 1.4 the recirculation
is transported downstream, away from the shrouded rotor.

Analysis of figure 2.23f shows that the unshrouded rotor entered the VRS at a
velocity ratio of α = 1.3, (scaled with respect to the induced velocity of the isolated
rotor this corresponds to a velocity ratio of 1), whilst figure 2.25d showed that the
shrouded rotor entered the VRS at a velocity ratio of α = 1.0. Therefore, it is
hypothesised that the shrouded rotor enters the VRS at a slightly lower descent
velocity ratio than the unshrouded rotor.

Mean centreline velocity profiles produced by the shrouded and unshrouded rotor,
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(a) Unshrouded Rotor

(b) Shrouded Rotor

Figure 2.27: Mean axial velocity profile (u) of the unshrouded rotor along the
longitudinal axis u(x, 0, 0) scaled with respect to the notional induced velocity of the
rotor (Ui), for a range of descent velocity ratios.
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Figure 2.28: Mean location of the saddle point obtained from PIV measurements of
the flow field produced by the unshrouded and the shrouded rotor in axial descent.

over a range of α values, are presented in figure 2.27. At low α values (0.2 < α < 1.1)
the velocity profile of the isolated rotor presented in figure 2.27a shows an increase in
the axial induced velocity at the rotor disk plane, when compared to that produced
by the hovering rotor. The isolated rotor produces a flow field which accelerates
until a maximum (approximately 0.75R) from the rotor disk plane (x/R = −0.8),
after which the flow decelerates until it reaches zero at the saddle point. Beyond
this point the mean axial velocity component will be negative (−u) as a result of the
wind tunnel flow. The rate of deceleration of the flow from the maximum increases
as the descent velocity ratio increased from α = 0.4 to α = 1.2. Increasing α further
moves the location of the stagnation point towards the rotor disk plane. At higher
velocity ratios 1.4 < α < 2.0, the mean axial velocity profiles are dominated by the
descent velocity. As expected the wind tunnel free stream decelerates as it approaches
the rotor disk plane. The deceleration of the air, as it approaches the rotor disk
plane, decreased as the velocity ratio increased. Similar trends can be observed in
the velocity profiles of the shrouded rotor. At low velocity ratios 0 < α < 0.4, the
velocity at the shroud outlet plane increased when compared to that produced by the
hovering shrouded rotor. However, instead of initially increasing to a maximum the
axial velocity produced by the shrouded rotor decelerated as the displacement from
the shroud outlet plane increased. Once again, the flow produced by the shrouded
rotor continued to decelerate until it became zero at the interaction between the
wake and the counterflow. At a velocity ratio of α = 0.9 the saddle point forms 3.5R
from the shroud outlet plane. As with the isolated rotor, the rate of deceleration
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increased as the descent velocity increased from α = 0.4 to α = 1.3. As described
earlier, the saddle point approached the shroud outlet plane as the decent velocity
increased. For velocity ratios above α > 1.4, the mean centreline velocity profile is
again dominated by the wind tunnel free stream, however, the velocity of air passing
through the shroud outlet plane is lower than that passing through the rotor disk
plane of the isolated rotor. Within the shroud 1.12 < x/R < 0, the wake can not be
radially deflected outboard, meaning that the shrouded rotor acts like a solid blockage.

The mean location of the saddle point was extracted from the centreline axial
velocity profiles presented in figure 2.28. It was only possible to determine the location
of the saddle point when it entered the interrogation area. Consequently, it was only
possible to obtain a few data points for each test configuration. At velocity ratios
less than 0.9 (α < 0.9), the location of the saddle point could not be determined. As
such, the relationship between the location of the saddle point and α could not be
determined for the shrouded or the unshrouded rotor from this investigation.

UNSTEADINESS OF THE FLOW FIELD PRODUCED BY A SHROUDED ROTOR OPERATING

IN AXIAL DESCENT.

PIV RESULTS.

Figures 2.29, 2.30 and 2.31 show contour plots of the RMS of the fluctuations of the
local axial velocity about the local mean axial velocity for the isolated rotor and both
regions of interest for the shrouded rotor (PIV Region 1 and 2), respectively. The
RMS of the fluctuations is scaled with respect to the notional induced velocity of the
shrouded rotor (Ui). At low descent velocity ratios α the flow shows higher levels of
fluctuation, and the merged region of higher fluctuations occurs closer to the rotor
than for hover.

Figure 2.29d shows that at a velocity ratio of α = 1.0, a crescent shaped region
of high RMS forms on the rotor centreline approximately 2.5R from the rotor disk
plane. The location of this unsteadiness coincides with the location of the saddle point
identified earlier in figure 2.23d. As the velocity ratio increases from α = 1.0 to α = 1.2,
the location of unsteadiness moves with the saddle point. The disappearance of the
saddle point from the field of view, means that the flow field returns to a form where
the unsteadiness is dominated by the wake produced by the blade tip vortices, as they
propagate around the rotor disk. The extent to which the unsteadiness propagates
upstream, away from the rotor disk plane, decreases as α increases. Once the rotor
enters the windmill brake state, the unsteadiness is confined to a thin region which
extends downstream away from the rotor disk plane, as shown in figure 2.26a. This
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region of unsteadiness is associated with the passage of the blade tip vortices of a
rotor operating in the windmill brake state (Naumov et al., 2014).

It is believed that the region of unsteadiness observed in figure 2.29c is associated
with the movement of a saddle point which forms outside of the field of view
(x/R > 2). Analysis of sequential PIV images confirmed that a saddle point appears
in some of the images, however, in the majority of images the saddle point is not
contained in the field of view. This explains why the saddle point cannot be observed
in the mean flow field presented in figure 2.23c. The unsteadiness of the flow field
produced by a shrouded rotor operating in axial descent is similar to that produced
by the isolated rotor. At low velocity ratios α ≤ 0.4, the ring of high unsteadiness
associated with the shear layer of the wake broadens, diffusing laterally as the wake
propagates away from the shroud. At these low velocity ratios, the interaction between
the rotor wake and the wind tunnel free stream upstream of the field of view leads
to an increase in the RMS over the entire field of view (i.e. the wind tunnel free
stream transports turbulent air back into the field of view). The re-ingestion of slightly
more turbulent air by the rotor is believed to be responsible for the increase in core
unsteadiness observed in figure 2.30b and figure 2.31b. As with the isolated rotor, at
higher velocity ratios, a region of unsteadiness forms at the location of the saddle point.
The magnitude of this unsteadiness is similar to that produced by the isolated rotor
(urms ≈ 0.9Ui). Once again, the region of unsteadiness approached the shroud outlet
plane as the descent velocity increased. The saddle points identified in figure 2.24
were always located inside the region of unsteadiness for 0.8 ≤ α ≤ 1.3. The formation
of this region of unsteadiness is coupled with an increase in the unsteadiness of the
flow field outboard of the shroud. It is clear from the analysis of figure 2.25 and figure
2.31 that the large recirculation which forms outboard of the rotor is responsible for
the high RMS values observed in figure 2.31c. Once the saddle point can no longer be
observed in the field of view the unsteadiness of the flow field, as with the isolated
rotor, becomes dominated by the rotor wake as it propagates around the side of the
shroud. At a velocity ratio of α > 1.1, a region of unsteadiness forms at the lip of the
shroud outlet. This unsteadiness coincides with the formation of the secondary vortex
at the lip of the shroud. For α ≥ 1.4 the unsteadiness is limited to a thin layer near
to the shrouds surface (figure 2.31h). At this velocity ratio, the unsteadiness occurs
because of the deflection of the rotor wake around the shroud.
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(a) α = 0.0. (b) α = 0.8.

(c) α = 0.9. (d) α = 1.0.

(e) α = 1.1. (f) α = 1.2.

(g) α = 1.3. (h) α = 1.4.

Figure 2.29: RMS of the axial velocity components of the flow field produced by the
unshrouded rotor as the descent velocity ratio increases from α = 0.0 to 1.4.
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(a) α = 0.0. (b) α = 0.8.

(c) α = 0.9. (d) α = 1.0.

(e) α = 1.1. (f) α = 1.2.

(g) α = 1.3. (h) α = 1.4.

Figure 2.30: RMS of the axial velocity components of the flow field produced by the
shrouded rotor (PIV:Region 1) as the descent velocity ratio increases from α = 0.0 to
1.4.
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(a) α = 0.0. (b) α = 0.8.

(c) α = 0.9. (d) α = 1.0.

(e) α = 1.1. (f) α = 1.2.

(g) α = 1.3. (h) α = 1.4.

Figure 2.31: RMS of the axial velocity components contour plots of the shrouded rotor
(PIV: Region 2) as the descent velocity (Uo) increases from α = 0.0 to 1.4. The velocity
is scaled with respect to the notional induced velocity, (Ui).
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(a) Isolated rotor (b) Isolated rotor

(c) Shrouded rotor (PIV:Region 1) (d) Shrouded rotor (PIV:Region 1)

Figure 2.32: Instantaneous PIV image pairs of an isolated rotor and a shrouded rotor
at a velocity ratio of α = 1.0.

2.4 DISCUSSION.

Analysis of the PIV results revealed that, as with the results of Green et al. (2005), the
flow field produced by both the shrouded rotor and the unshrouded rotor differed
considerably from the mean flow fields presented earlier in figure 2.23, 2.24, 2.25
and 2.26. An example of this is shown in figure 2.32 where, at the same velocity
ratio α = 1.0, the flow produced by the shrouded rotor can extend up to 3R from the
shroud outlet plane, as shown in figure 2.32c, or the wake can be deflected radially
outboard, allowing the free stream flow to penetrate towards the shroud outlet plane,
as shown in figure 2.32d. It should be noted that this tendency can also be observed
in instantaneous PIV images of the flow field produced by an isolated rotor show in
figure 2.32a and figure 2.32b.

POD ANALYSIS.

Visualisations of the first two eigenmodes produced by applying snapshot energy POD
to the PIV results of the isolated rotor and the shrouded rotor (PIV: Region 1) in
hover (α = 0) are presented in figure 2.33 and figure 2.34 respectively. The first two
POD modes, of the isolated rotor used in this investigation, shown in figure 2.33a
and figure 2.33b, indicate that the most probable and energetic representations of
the flow field are dominated by the blade root vortices. The unsteadiness associated
with the passage of the blade tip vortices and the passage of the vortex sheet trailed
from behind the rotor blades was observed in higher POD modes. Figure 2.35 shows
that the first 10 modes contain 9.0% of the kinetic energy of the fluctuations of the
flow field whilst the following 20 modes only contain 9.8%. The influence of each
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mode on the velocity field was evaluated by subtracting the reconstructed mode from
the averaged flow field. The reconstructed modes were produced using both the
maximum and minimum reconstruction coefficients of the ‘m’th mode Ψ(m). Analysis
of the reconstructed flow fields, shown in figure 2.33, shows that both modes are
coupled and represent the same fluid dynamic mechanism. Spectral analysis of the
reconstruction coefficients showed that both of these POD modes had a dominant
frequency equal to the rotational frequency of the rotor (66Hz).

The first two eigenmodes of the flow field produced by a hovering isolated rotor,
shown in figure 2.33, differ considerably from those of the shrouded rotor shown
in figure 2.34. The first two modes shown in figure 2.34a and 2.34b indicate that
air moves radially across the diameter of the shroud outlet. The reconstructed flow
fields, shown in figure 2.34, show that the first mode is primarily responsible for the
radial flapping of the shrouded rotor wake, as shown by the radial deflection of the
wake shown in figure 2.34c and 2.34e. The second mode also contributes to the radial
flapping of the wake, however, the contribution is far lower than that of the first mode.
Analysis of figure 2.35 shows that the first 10 modes contain 12.8% of the kinetic
energy of the fluctuations of the flow field whilst the following 20 modes only contain
12%. Spectral analysis of the temporal coefficient of mode 1 Ψ(1) indicated that the
radial flapping of the shrouded rotor wake occurred at a frequency of 1.7Hz.

The probability density function (PDF) of the reconstruction coefficients of the
first POD mode Ψ(1), for both the isolated and shrouded rotor, plotted against the
respective values of Ψ(1), are presented in figure 2.36. Due to the nature of snapshot
POD, which forces unresolvable scales to be placed into other modes, the PDF exhibits
sinusoidal behaviour. The underlying structure of the probability density functions
presented in figure 2.36 were determined by generating histograms of the probability
density function. The number of bins (k) used to capture the basic form of each distri-
bution was calculated using Rices Rule (k = 2 3

√
m = 17). The PDF of the first POD

mode of the shrouded and unshrouded rotor had skewness (s) values of s = −0.07
and s = −0.1, respectively. This indicates that both distributions are approximately
symmetric, which implies that the radial flapping of the shrouded rotors wake is not
significantly directionally biased. The radial flapping is associated with the shear layer
of the wake opposed to the helical vortex trains.



70 Chapter 2

(a) POD mode:1 (b) POD mode:2

(c) Mode 1: max Ψ(1) (d) Mode 2: max Ψ(2)

(e) Mode 1: min Ψ(1) (f) Mode 2: min Ψ(2)

Figure 2.33: Visualisation of the first two POD eigenmodes of the velocity fluctuations
produced by a hovering isolated rotor (α = 0.0) are presented in figure 2.33a and
figure 2.33b. The modes were calculated from a sequence of 600 instantaneous velocity
fields. The vector lengths are scaled with respect to the maximum vector length of
each individual mode. Reconstructed simulations of the velocity field produced by
the subtraction of the maximum (c, e) and minimal (d, f ) reconstruction coefficient
representations of the first two modes from the mean field are presented in this figure.
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(a) POD mode:1 (b) POD mode:2

(c) Mean - Mode 1: max Ψ(1) (d) Mean - Mode 2: max Ψ(2)

(e) Mean - Mode 1: min Ψ(1) (f) Mean - Mode 2: min Ψ(2)

Figure 2.34: Visualisation of the first two POD eigenmodes of the velocity fluctuations
produced by a hovering shrouded rotor (α = 0.0) are presented in figure 2.34a and
figure 2.34b. The modes were calculated from a sequence of 600 instantaneous velocity
fields. The vector lengths are scaled with respect to the maximum vector length of
each individual mode. Reconstructed velocity field produced by the subtraction of the
maximum (c, e) and minimal (d, f ) reconstruction coefficient representations of the
first two modes from the mean field are presented in this figure.
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Figure 2.35: Progressive sum of singular values as a percentage of the total sum
calculated from the POD of the flow field produced by the isolated rotor and the
shrouded rotor when operating in hover (α = 0.0).

Figure 2.36: Probability density function of the first POD modes reconstruction
coefficients Ψ(1) plotted against the values of Ψ(1) for the isolated rotor and shrouded
rotors when operating in hover (α = 0.0).
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As expected, POD analysis of individual snapshots of the flow field produced by
an isolated rotor, showed that at low descent velocity ratios the unsteadiness of the
flow field is dominated by the blade tip and root vortices as they propagate away from
the rotor disk plane (figure 2.33). However, as previously shown by Green et al. (2005),
at higher velocity ratios the flow field enters an incipient flow regime, where the flow
intermittently switches between the topology associated with a hovering rotor and
the toroidal form associated with the VRS. The reconstructed flow fields formed as
a result of the first POD mode of the isolated rotor operating at a velocity ratio of
α = 1.0, presented in figure 2.38c and figure 2.38d shows that the first POD mode is
responsible for the variation of the penetration of the counterflow towards the rotor
disk plane. Analysis of figure 2.38b shows that the unsteadiness associated with the
passage of the blade tip vortices and the recirculation which forms around the side of
the rotor blade tips are contained within higher POD modes.

POD analysis of individual snapshots of the flow field produced by a shrouded
rotor operating in axial descent, shown in figure 2.39 provided insight into the
underlying structure of the flow field. At low velocity ratios (α < 0.8) the first
two POD eigenmodes are similar to those produced by a hovering shrouded rotor
described earlier. At a velocity ratio of α = 0.9, the first POD mode can still be
characterised by the radial movement of air around across the shroud outlet plane
(figure 2.39a). However, the second POD mode depicts the penetration of the wind
tunnel free stream towards the shroud outlet plane (figure 2.39b). Reconstructed flow
field, produced by subtracting the maximum and minimum reconstruction coefficient
forms of the POD modes, are presented in figure 2.39. Figure 2.39c and 2.39e show that,
at this velocity ratio, the unsteadiness of the flow field is still dominated by the radial
flapping of the rotor wake. Spectral analysis of the reconstruction coefficient showed
that this occurred at the same frequency as the wake produced by the shrouded rotor
in hover (1.7Hz). It should be noted that the magnitude of these radial fluctuations
is small, as the flow is still dominated by the axially induced velocity produced by
the rotor. At this velocity ratio, the second POD mode is associated with the variation
of the wake penetration into the free stream flow. The location of these fluctuations
coincides with the region of high RMS identified in figure 2.30c. The PDF of the
reconstruction coefficient of the first POD mode, shown in figure 2.41, had a skewness
value equal to Sk = 0.0816. This indicates that, at this velocity ratio, the flow field
is marginally more likely to exist in the minimum form, as presented in figure 2.39f
(i.e. the flow field is more likely to exist in the form where the shrouded rotor wake
extends, in a stream tube, away from the shroud outlet plane).

When the descent velocity was greater than, or equal to the notional induced
velocity of the rotor (1.0 ≤ α ≤ 1.3), POD analysis revealed that the unsteadiness of
the flow field was dominated by the penetration of the descent velocity towards the
shroud outlet plane. Reconstructions of the the flow field produced by a shrouded
rotor operating at a descent velocity ratio of α = 1.1, showed that the counterflow can
penetrate up to the shroud outlet plane, as shown in figure 2.40. The location of the
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(a) Progressive sum of singular values. (b)

Figure 2.37: (a) Progressive sum of singular values as a percentage of the total sum
calculated from the POD of the flow field produced by the shrouded rotor (PIV: Region
1; (b) The percentage sum of the first 10 and the first 20 modes over a range of α values
from (α = 0.0) and (α = 2.0).

saddle point, identified in figure 2.24e, varied as a result of the flow fluctuations. The
flow fields, produced as a result of the flows fluctuations resemble the two potential
flow topologies, produced by a rotor operating in the VRS, as identified by Green et al.
(2005). Radial flapping of the shrouded rotor wake can still be observed in higher
POD modes as shown in figure 2.40d and 2.40f.

At α = 1.0, the PDF of the first POD mode had a skewness value of Sk = −0.1579
indicating that the flow field had a greater tendency to exist in a form where the rotor
wake is deflected radially outboard around the shroud. As the velocity ratio increased
from α = 1.0 to α = 1.2, the skewness values of the probability density functions of
the POD mode, which were responsible for the penetration of the wind tunnel free
stream towards the shroud outlet plane, increased from Sk = −0.1579 to Sk = −0.3062.
This indicates that the amount of time that the flow field spends in the toroidal like
form increased as the descent velocity increased. At a velocity ratio of α = 1.4 the
flow field is permanently locked into the toroidal form. This intermittent nature of the
flow field is characteristic of the flow field produced by an isolated rotor operating
in the VRS (Green et al., 2005). At velocity ratios between α = 1.4 and α = 1.6, the
penetration of the shroud outlet plane by the wind tunnel free stream results in the
expulsion of the rotor wake from the shroud, at the lip of the shrouds outlet plane.

The cumulative sum of the singular values as a percentage sum of the the total
sum of the kinetic energy associated with the fluctuations of the flow field, for a range
of α values, is shown in figure 2.37b. At low velocity ratios (α ≤ 0.8), the first ten POD
modes contain approximately 12% of the total kinetic energy of the fluctuations of the
flow field, whilst the first twenty modes contain approximately 20%. The percentage
of the total kinetic energy contained within the first 10 and 20 POD modes increased
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as the shrouded rotor entered the VRS, because the number of small scale structures
observed within the flow field decreased.
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(a) POD mode:1 (b) POD mode:2

(c) Mode 1: max Ψ(1) (d) Mode 2: max Ψ(2)

(e) Mode 1: min Ψ(1) (f) Mode 2: min Ψ(2)

Figure 2.38: Visualisation of the first two POD eigenmodes of the velocity fluctuations
produced by a isolated rotor α = 1.0 calculated from 600 instantaneous velocity fields.
(a) mode 1, (b) mode 2. The vector lengths are scaled with respect to the maximum
vector length of each individual mode. Reconstructed simulations of the velocity field
produced by the subtraction of the maximum (c, e) and minimal (d, f ) reconstruction
coefficient representations of the first two modes from the mean field are presented in
this figure.
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(a) POD mode:1 (b) POD mode:2

(c) Mode 1: max Ψ(1) (d) Mode 2: max Ψ(2)

(e) Mode 1: min Ψ(1) (f) Mode 2: min Ψ(2)

Figure 2.39: Visualisation of the first two POD eigenmodes of the velocity fluctuations
produced by a shrouded rotor α = 0.9 calculated from 600 instantaneous velocity
fields. (a) mode 1, (b) mode 2. The vector lengths are scaled with respect to the
maximum vector length of each individual mode. Reconstructed simulations of the
velocity field produced by the subtraction of the maximum (c, e) and minimal (d, f )
reconstruction coefficient representations of the first two modes from the mean field
are presented in this figure.
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(a) POD mode:1 (b) POD mode:2

(c) Mode 1: max Ψ(1) (d) Mode 2: max Ψ(2)

(e) Mode 1: min Ψ(1) (f) Mode 2: min Ψ(2)

Figure 2.40: Visualisation of the first two POD eigenmodes of the velocity fluctuations
produced by a shrouded rotor α = 1.1 calculated from 600 instantaneous velocity
fields. (a) mode 1, (b) mode 2. The vector lengths are scaled with respect to the
maximum vector length of each individual mode. Reconstructed simulations of the
velocity field produced by the subtraction of the maximum (c, e) and minimal (d, f )
reconstruction coefficient representations of the first two modes from the mean field
are presented in this figure.
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Figure 2.41: Probability density function of the reconstruction coefficients of the POD
modes, which contribute to the variation of the shrouded rotors wakes’ penetration
into the wind tunnel free stream flow, plotted against the value of the reconstruction
coefficients Ψ(m).

2.5 CONCLUSION

An investigation into the structure of the flow field produced by a shrouded rotor
operating in hover and axial descent has been performed using particle image veloci-
metry (PIV) and laser doppler anemometry (LDA). As with an isolated rotor operating
in hover, the flow field produced by a shrouded rotor, without a shroud centre body,
is characterised as a region of low velocity flow surrounded by a ring of high velocity
flow. The shroud used in this investigation did not affect the velocity components of
the wake. The notional induced velocity of the shrouded rotors wake, at the shroud
outlet plane, was used to scale the decent velocity of both investigations performed.
PIV revealed that the rate of acceleration of the wake produced by the shrouded rotor
is significantly lower than that of the isolated rotor. In contrast to the isolated rotor,
where the flow field is dominated by the blade root vortices, POD analysis showed
that the most probable and energetic realisation of the fluctuations of the flow field
produced by the shrouded rotor is dominated by the shear layers of the wake. This
manifests itself as the radial flapping of the shrouded rotors wake.

At low descent velocity ratios, in the near flow field, the structure of the rotor
wake is similar to that produced by a shrouded rotor operating in hover. In the far
field, at the interaction between the shrouded rotor wake and the descent velocity
a large region of recirculation forms upstream, outboard of the shroud. At higher
velocity ratios the cylindrical wake of the shrouded rotor breaks down, forming a
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large unsteady toroidal region of recirculation around the shroud. The formation of
a large region of recirculation that forms around the side of the shroud, allows the
rotors wake to be entrained back into the shroud through the shroud inlet plane. The
diameter of the recirculation is approximately equal to the diameter of the rotor. The
formation of the recirculation is coupled with the formation of a saddle point on the
geometric centreline of the rotor. The saddle point approaches the shroud outlet plane
as the descent velocity ratio increased. The fate of the saddle point, once it entered
the shroud, was not investigated in this chapter.

The flow field produced by a shrouded rotor operating in axial descent is highly
unsteady and the recirculation aperiodically sheds away from the shroud. Large
regions of unsteadiness, with RMS values of a similar magnitude to the notional
induced velocity of the shrouded rotor, occur at the location of the saddle point.
Analysis of sequential PIV images showed that at these descent velocities the flow
field can exist in one of two topological forms: a region of recirculating air outboard
of the shroud, or that of a hovering shrouded rotor. In this incipient flow regime the
saddle point can penetrate through the shroud outlet plane, where it can persist for a
prolonged period of time before being expelled upstream away from the shroud outlet
plane. Within the helicopter community, the flow topology and features described
above, are characteristic of the flow field produced by an isolated rotor operating in
the vortex ring state. Therefore, it is reasonable to conclude that the shrouded rotor
used in this investigation, entered the VRS. This is significant because the VRS of
shrouded rotors has not been reported before. The shrouded rotor entered the VRS
at a lower descent velocity ratio than the isolated rotor. At higher velocity ratios, the
shrouded rotor entered a state analogous to the windmill brake state of an isolated
rotor. In the windmill brake state, the wind tunnel free stream penetrates through the
shroud outlet plane and passes around the shroud.

When compared to the isolated rotor, the velocity profile of the wake produced
by the shrouded rotor is notionally similar, with a ring of higher velocity air sur-
rounding a low velocity core. The results presented in this chapter showed that, when
introduced to a uniform counterflow the wake from the shrouded rotor developed
into the unsteady toroidal form associated with the VRS. Unlike the isolated rotor
the recirculation formed around the side of the shroud instead of around the tips of
the rotor blades. The results presented in this chapter indicated that the mechanism
by which the wake produced by the shrouded rotor broke down into the toroidal
form associated with the VRS was similar to that produced by the unshrouded rotor.
However, the wake from the shrouded rotor did not contain any clear helical vortex
system. This is significant because the ‘mutual-inductance’ instability of helical vortex
filaments (Leishman et al., 2004) and the leapfrogging of the blade tip vortices (Stack
et al., 2005) was believed to be responsible for the development of the VRS. The
results presented in this chapter suggest that the breakdown of the rotor wake into
the toroidal form of the VRS is a result of the interaction between an axially induced
flow, which consists of a low velocity core surrounded by a ring of higher velocity air,
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and a uniform counterflow. In order to investigate if the mechanism with which the
velocity profile was produced affects the breakdown of the flow field an investigation
into the structure of the flow field produced by a ventilated open core annular jet
was also performed. The ventilated OCAJ was designed to produce a jet with a mean
velocity profile notionally similar to that produced by the shrouded rotor however it
did not contain any flow structures characteristic of rotor wakes (i.e. blade tip vortices
and trailed vortex sheets).





CHAPTER 3

THE VORTEX RING STATE OF A VENTILATED OPEN CORE
ANNULAR JET

An experimental investigation into the interactions between the flow field produced
by a ventilated Open Core Annular Jet, and a uniform counterflow performed in
the University of Glasgow, De-Havilland wind tunnel is presented. Laser Doppler
Anemometry (LDA) was used to determine the velocity profiles at both the inlet and
outlet of the ventilated open core annular jet. The jet produced a mean velocity profile
notionally similar to that produced by the rotor and the shrouded rotor investigated
in chapter 2, with a ring of high velocity air surrounding a lower velocity core. Long-
duration Particle Image Velocimetry (PIV) and Smoke Flow Visualisation were used
to investigate the development of the flow field as the counter flow velocity increased.
The formation of a large unsteady torus of recirculating air around the jet was observed
when the counter flow approached that of a notional-induced velocity produced by the
jet. Additionally, averaged velocity profiles of the flow field showed a stagnation point
located on the geometric axis of the ventilated annular jet, which moved towards the jet
outlet plane as the counter flow velocity was increased. Analysis of sequential Smoke
Flow Visualisation images identified a periodic shedding frequency of this torus which,
in turn, leads to the penetration of the counter flow through the jet’s open core. The
results presented in this chapter indicates that the structure and unsteadiness of the
flow field produced by a jet issuing into a counterflow is similar to that produced
by the shrouded rotor and an unshrouded rotor operating in axial descent discussed
in chapter 2. POD analysis showed that the fluid structures responsible for the
unsteadiness of the flow field produced by the shrouded rotor and the unshrouded
rotor discussed in chapter 2 were also observed in the flow field produced by the jet.

83
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3.1 INTRODUCTION

Despite the rapid uptake of ventilated open core annular jets (OCAJ) by the general
public for personal cooling, as described by Li et al. (2016) and Mason et al. (2010),
research into the structure of the flow field produced by these devices has been
minimal. A ventilated open core annular jet consists of an annular jet located around
an open core through which air can pass freely, as shown in figure 3.1. The jet
is defined as ventilated when the annular jet induces flow through the open core,
as defined by Padhani et al. (2018) whose experiments identified the structure and
subsequent development of a ventilated open core annular jet issuing into quiescent
surroundings. Stereoscopic Particle Image Velocimetry (SPIV) of the jet outlet showed
that the flow field transitioned into that of a round jet downstream of the jet outlet.
Laser Doppler Anemometry (LDA) performed by Warda et al. (1999) indicates that
approximately 7.8D diameters (D) downstream of the jet orifice, the velocity profile
tended towards that of a round jet for their particular jet profile. When compared
to turbulent jets issuing from a circular source, the ventilated open core was found
to increase dilution close to the jet outlet as a result of the induced air flow, (Jukes
et al., 2015). Ventilated OCAJs experience lower rates of velocity decay as a result
of the larger mass flow rates that can be achieved compared to that of closed core
annular jets. The effect of varying the annular slot inner diameter (Di) and the outer
diameter (Do), has been shown to have no effect on the jet structure for slender annuli
(Di/Do) ≈ 1 of closed core annular jets (Ko. (1980a) and Ko. (1980b)).
The aerodynamic performance of various geometric parameters (e.g. fan cross section
height, slot thickness, hydraulic diameter, outlet angle and aspect ratio) of ventilated
open core annular jets issuing into quiescent surroundings was investigated using
Computational Fluid Dynamics (CFD) by Jafari et al. (2015) and Jafari et al. (2016b).
Simulations showed that the jet outlet slot thickness was a significant parameter
affecting the performance of the bladeless fan, whilst their performance decreased
significantly for designs where the aspect ratio was greater than one. All of the designs
simulated show that the velocity at the jet outlet was higher opposite the jet inlet pipe,
thereby producing the non-symmetric velocity profile previously identified by Jafari
et al. (2016a). Numerical aeroacoustic analysis of bladeless fans performed by Jafari
et al. (2017) showed that the outlet slot thickness was a key factor affecting the amount
of noise produced by a ventilated OCAJ once again issuing into quiescent surroundings.
The interaction of both unventilated and ventilated OCAJs with any other flow field
(e.g. counterflow or cross flow) remains uninvestigated. The present study aims
to identify the flow characteristics associated with ventilated OCAJs operating in
a uniform counterflow and, therefore, a brief summary of the literature relating to
round jets issuing into counter flow is provided below in order to contextualise this
investigation.

Round jets issuing into a uniform counter flow is a classical problem of fluid
mechanics and has, therefore, received significant attention in the literature. At
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Figure 3.1: Schematic diagram of the airflow of a ventilated OCAJ issuing into
quiescent surroundings.

low counter flow (Uo) to jet velocity (Uj) ratios (α = (|Uo|/Uj) the flow field is
divided into two regions: the near field where the flow field is similar to that of a
jet issuing into quiescent surroundings; and the far field where the jet interacts with
the counterflow. The interaction of the jet with the counterflow is associated with the
unstable movement of the jet tip, as described by König and Fiedler. (1991), Hopkins
and Robertson. (1967), and Yoda and Fiedler (1996). This is referred to in the literature
as the unstable flow condition. At higher counterflow to jet velocity ratios, a round jet
forms an axisymmetric vortex ring around the nozzle exit which is periodically shed
at between 3 to 5Hz, otherwise referred to as the stable flow condition. The flow field
was found to transition from an unstable to a stable flow condition at velocity ratios of
α = 0.575, 0.714 and between 0.714 and 0.769 by Hopkins and Robertson. (1967), König
and Fiedler. (1991) and Yoda and Fiedler (1996) respectively. At velocity ratios below
0.714, Yoda and Fiedler (1996) identified that the unstable and stable flow phenomenon
were observable at the same velocity ratios. At velocity ratios below 0.29 the stable
flow phenomena was not observed however increasing the counter flow velocity from
α = 0.29 increased the probability that the flow field could be characterised as stable.

The average penetration length (xp) of a round jet issuing into a uniform coun-
terflow is used to determine the axial extent of the mixing region. The average
penetration length was found to be linearly proportional to the velocity ratio of the
jet to counterflow velocity for an unconfined jet(Arendt et al. (1956), Beltaos and
Rajaratnam (1973), Yoda and Fiedler (1996), Lam. and Chan. (1997), Chan and Lam.
(1998), Bernero. (2000)). Confinement of the counterflow by Sui and Ivanov. (1959),
Sekundov. (1969), Morgan et al. (1976), and Sivapragasam et al. (2014) resulted in the
reduction of the jet penetration length, which ceased to be linearly proportional to the
jet to counterflow velocity ratio. In the investigations of Sui and Ivanov. (1959) and
Sekundov. (1969) the jet was defined as confined when the counterflow diameter (B)
to the penetration length xp ratio ( B

xp
) was ≤ 2.5 and 2.0, respectively. Morgan et al.
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(1976) proposed an alternate relationship based on the jet to counterflow momentum

flux ratio Z =
(

UjDj
|Uo |B

)2
≤ 0.25 where (Dj) is the diameter of the jet. This relationship

was found to be independent of Reynolds number when the jet and counterflow
Reynolds numbers were greater than Rej

(
UjDj

v

)
> 3, 000 and Reo

(
|Uo |B

v

)
> 100, 000,

respectively. Experiments performed by Bernero. (2000) suggest a relaxation of these
criteria to Z ≤ 0.06 and Rej > 2, 000. Proper Orthogonal Decomposition (POD)

performed by Bernero and Fiedler (2000) identified that, at low α = 0.29 ratios, the far
field jet fluctuations were caused by a combination of the two dominant energy modes,
radial jet flapping and the variation of the jet penetration. The transition between the
‘unstable’ and ‘stable’ flow conditions, occurred at α = 0.667, and was caused by the
switching of these dominant POD modes.

The geometry and flow topology produced by a round jet is significantly different
to that of a ventilated OCAJ and this paper will illustrate the effect the introduction of
a uniform counter flow velocity has on the structure of the near flow field.

3.2 EXPERIMENTAL METHOD.

3.2.1 DESCRIPTION OF APPARATUS.

To create an annular jet in counterflow, an annular nozzle was placed in a wind
tunnel where the core-annular jet produced by the nozzle was exposed to a range
of counterflow velocities ranging from α = 0 to 1.8, where Ui is the induced velocity
of the jet, and Uo is the free stream velocity in the wind tunnel, i.e. the counterflow
velocity. The custom annular nozzle shown in figure 3.2, was designed using CFD,
and was 3D printed out of Accura Xtreme White. The design of which was based
heavily on that of commercially available air amplifiers (Gammack et al., 2009). The
design consists of a plenum and a slot located around the internal curved surface
of the nozzle. The nozzle had a slot outer diameter Do and a slot inner diameter Di

of Do = 0.0684 m and Di = 0.0667 m respectively. When compared to the limiting
slender case of Di/Do = 1.0 the nozzle had a ratio of Di/Do = 0.98. The slot nozzle
width was found to vary by ±0.5% around the azimuth of the nozzle.

A HPC Kaeser SM 15 Aircentre compressor provided a continuous supply of air
into the plenum at a rate of Q0 = 0.01± 0.001 m3s−1 with a back pressure of 7.7 bar.
This flow rate was monitored using a Dwyer Instruments Visi-Float flow meter for
the duration of each experiment. The air exited the plenum through the jet outlet,
the axial slot located around the internal surface of the nozzle produced a jet outlet
slot Reynolds number of Re = Ui D

v = 5253. The Coandă effect (Coandă, 1936) ensures
that the jet remains attached to the internal surface of the nozzle. The nozzle had
an expansion ratio between its inlet and outlet of 1 : 1.8, and uniformity of the jet
velocity around the azimuth of the nozzle was achieved by varying the cross sectional
area of the plenum around the nozzle azimuth, as shown in figure 3.2. Additional
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nozzle parameters are presented in table 3.1. The temperature of the jet was equal to
the ambient air flow meaning that the jet had a source buoyancy flux equal to zero
Bo = 0.0.

For later reference, an (x,y,z)-coordinate system with its origin at the geometric
centre of the nozzle outlet plane is defined such that the y-axis is vertically upwards
and the x-axis is orientated against the direction of the counterflow. The counterflow
was produced using the University of Glasgow DeHavilland wind tunnel. The test
rig has a wind tunnel blockage of 2.9% and this investigation can defined as an
investigation of a unconfined jet in counterflow. Homogeneous seeding of the wind
tunnel for both PIV and LDA was once again achieved using a Pivtec-GmbH seeder,
incorporating 160 Laskin nozzles, with a mean olive oil particle substrate diameter of
0.9 µm as stated by the manufacturer (PIVTechGmbH., 2019).

A commercially available Dantec Dynamics three-component Laser Doppler An-
emometry (LDA) system was used to investigate the velocity profile 0.48R upstream
of the nozzle outlet plane and 0.1R downstream of the nozzle inlet plane. Once
again upstream and downstream are defined with respect to the direction of the wind
tunnel flow. The system consists of three diode pumped solid state 1 W lasers at
frequencies of 488 nm, 514 nm and 532 nm mounted on a Dantec 9041T3332 3D (1m
x 1m x 1m) traverse system capable of scanning the measurement volume with a
positional accuracy of ±0.01 mm. The lasers orientated at angles of 2.5o,2.5o and 28o

to the probe axes coincided to form a 2.62 x 0.12 x 0.12 mm elliptical measurement
volume. In anticipation of elevated turbulence levels associated with jet counter flows
and to avoid the velocity-bias effects, the system was operated in burst mode with
transit(residence) time enabled for calculation of the mean flow velocity (Zhang, 2010),
(George, 1988) and (Albrecht et al., 2013).

Two component PIV in the symmetry plane along the longitudinal centre line of
the jet was performed in order to assess the structure of the flow field. A 532 nm
wavelength Litron double cavity oscillator amplified, Nd:YAG laser with an output
energy of 100 mJ per pulse was used to deliver the light sheet. A Phantom v341 digital
high speed, 4 Megapixel camera with a 2560 x 1600 pixel CMOS sensors fitted with
a 85 mm focal length set to f# = 1.8 was used to acquire the raw images. The flow
field was split into three distinct regions: Region 1:Nozzle outlet; Region 2:Around
the Nozzle; Region 3: Nozzle inlet, as shown in figure 3.3. 600 image pairs were
recorded at 200Hz and 20Hz for a range of counterflow velocities, and a summary of
the experiments conducted using PIV is shown in table 3.2. A time delay of ∆t = 100
µs between each image pair was used for all experimental configurations investigated.
Unless otherwise stated, all of the PIV images presented in this report were taken at
20Hz frequency over a 30 second time duration.

Smoke Flow Visualisation was used to investigate the structure of the flow field. A
single oil based smoke filament, introduced using a Pea Soup - Wind Tunnel Air Flow
Tracer Smoke Generator model: SGS-90 heated wand, was entrained into the large
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Figure 3.2: Design of the OCAJ

D0 Di
Di
D0

l Uex A0 R Rej v
(m) (m) (m) ms−1 m2 (m) m2s−1

0.0684 0.0667 0.98 0.0017 39.4 0.00118 0.079 5253 1.5x10−5

Table 3.1: Table of OCAJ nozzle parameters: Jet outlet slot width l. Uniform exit
velocity Uex calculated using conservation of momentum theory as summarised by (Fox
et al., 2008). Jet Outlet Reynolds number Re =

Uexl
v . Jet outlet area A0 = π(D2

0 −D2
i )/4.

v is the kinematic viscosity of the source fluid.

recirculating vortices that formed as a result of the jet counter flow interaction. Images
were recorded at 300 frames per second for up to 30 seconds using a Integrated Design
Tools, Inc NX3-S4, 8MP high speed camera fitted with a f = 135 mm F1.4 Kowa lens.

3.2.2 LDA ANALYSIS METHODOLOGY AND ACCURACY.

Characterisation of the OCAJ nozzle inlet and outlet were performed on a grid of
sample points concentrically spaced around the nozzle core with azimuthal and radial
resolutions of 15o and 0.05R, respectively. Each of the 441 data points was sampled
over a period of 10 seconds with data burst rates maintained above 300 counts per
second. The approximate accuracy of the mean flow velocity was calculated as being
0.02ms−1, which corresponds to 0.22% of the peak nozzle outlet velocity. In counter-
flow each of the 102 data points were sampled for 30s along the vertical and horizontal
axes of symmetry of the nozzle, with a spatial resolution of 0.04R, except for the cases
where a counterflow velocity ratio was equal to α = 0.8 & 0.9. For these test conditions
each data point was sampled for a duration of 90s in order to obtain the time-averaged
velocity with the same confidence. Only 2 component LDA (u,v) was achievable at
the inlet of the OCAJ. Once again, the accuracy of the LDA system is dependent on
the alignment of the laser system and the traverse with respect to the wind tunnel
free stream. The mount onto which the probes were attached allowed the angle of
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the probe to be measured with an accuracy of ±0.5o. Once again, the alignment of
the traverse to the wind tunnel wind tunnel free stream was measured to be less than
0.5o by measuring the displacement of the laser focal point from the centre line of the
wind tunnel over a 1m traverse.

3.2.3 PIV ANALYSIS, METHODOLOGY AND ACCURACY.

Post-processing of the raw PIV images was completed using a well established cross
correlation-based procedure, implementing an image-based vector validation scheme
(Green et al., 2000). A local vector map coherence method based on the work of
Nogueira et al. (1997) was implemented to remove any false vectors. PIV of image
regions closer than 3 mm to the solid surfaces were unreliable as a result of glare,
therefore measurements were only made to within 3mm of the nozzle surface. The
results presented in this report were all produced using a forward/reverse tile testing
(FRTT) validation algorithm with an integration window size of 32 x 32 pixels with a
50% overlap. The resolution of the PIV was approximately 0.0016R x 0.0014R /pixel for
all regions of interest. To prevent peak-locking, a continuous window shift technique
was incorporated into the correlation-based interrogation algorithm. This has been
shown by Gui and Wereley (2002) to remove the effect that non-uniformly distributed
bias errors have on the accuracy of the correlation-based tracking algorithm used to
process PIV images. The uncertainty of the velocity measurements was estimated
to be εu = 0.1

M∆t = ±0.05ms−1 as defined by Prasad (2000). Assuming an optical
magnification factor of M = 7.45pixel/mm, and a maximum displacement error of
0.1pixels. Post-processing of the data produced the mean velocity profile of the flow
field. The unsteadiness of the flow field was assessed by calculating the root-mean
square (RMS) of the fluctuations of the measured axial velocity about the mean axial
velocity.
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Figure 3.3: Schematic diagram of the PIV regions of interest and the LDA planes
investigated.

Region 1 Region 2 Region 3
α 200Hz 20Hz 200Hz 20Hz 200Hz 20Hz

0.0 x - x - x x
0.2 - - x - x x
0.3 x - x - x x
0.4 x - x - x x
0.5 x x x x x x
0.6 x x x x x x
0.7 x x x x x x
0.8 x x x x x x
0.9 x x x x x x
1.0 x x x x x x
1.1 x x x x x x
1.2 x x x x x x
1.3 x - x - x x
1.4 x - x - x x
1.8 x - x - x x

Table 3.2: Table of experimental configuration investigated using PIV.
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Figure 3.4: Averaged axial velocity component u, (ms−1) of the OPAJ nozzle outlet,
0.48R upstream of the nozzle outlet plane with Uo = 0.0 m/s. This figure was
produced using LDA and each sample point location is displayed by the white crosses.

3.3 RESULTS.

3.3.1 CHARACTERISATION OF A VENTILATED OCAJ ISSUING INTO QUIES-
CENT CONDITIONS.

The ventilated OCAJ issuing into quiescent surroundings was characterised using
LDA and PIV. This was deemed necessary as the nozzle used in this investigation is
significantly different to that described in the limited literature relating to ventilated
open core annular jets.

MEAN FLOW ANALYSIS.

LDA RESULTS.

The mean axial velocity component in a cross-stream plane 0.48R upstream (with
respect to the wind tunnel flow direction) of the nozzle outlet plane is shown in figure
3.4. Based on the axial velocity, the induced velocity of the jet, Ui can be calculated
using equation 3.1 where u is the time averaged axial velocity component and Ai

is the area of the region investigated using LDA. This approach is commonly used
in helicopter momentum theory to calculate the hover induced velocity of a rotor
(Leishman, 2006). Previous investigations of jet flows in counterflows such as Morgan
et al. (1976) have used momentum flux to scale the counterflow with respect to the
jet flow. However this does not incorporate the influence of the ventilated core has
on the velocity profile, therefore a notional induced velocity Ui was used instead.
LDA velocity profiles along the vertical and horizontal axes of symmetry of both the
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(a) Outlet axial velocity (u). (b) Outlet vertical velocity component (v).

(c) Inlet axial velocity (u). (d) Inlet vertical velocity component (v).

Figure 3.5: LDA Velocity Profiles along the vertical and horizontal axis of symmetry.
Outlet plane ( x

R = 0.48), figure(a) Outlet: axial velocity (u) and figure(b) Outlet:
vertical velocity (v). Inlet plane ( x

R = −1.75) figure(c) axial velocity and figure(d)
vertical velocity. Data is scaled with respect to the notional induced velocity Ui.

nozzle inlet and outlet planes extracted from figure 3.4 are presented in figure 3.5a
and figure 3.5b. The results show that the jet outlet mean axial velocity profile is
not completely axisymmetric, however the maximum variation is 8%. The profiles
presented in figure 3.5a and figure 3.5b indicate that, at the nozzle outlet, the flow is
dominated by the axial velocity component which is significantly larger than that of
the radial or tangential velocity components. The axial velocity profile is represented
as a region of relatively uniform axial flow around the nozzle axis surrounded by a
ring of high velocity air associated with the annular jet.

Ui =

∫ 1.175R
0 2πurdr

Ai
(3.1)

The mean axial velocity profile of air entrained into the nozzle inlet, figure 3.5c is
approximately symmetric about the horizontal and vertical axes shows nearly uniform
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Figure 3.6: Mean axial velocity profile (u) produced by the OCAJ issuing into
quiescent surroundings scaled with respect to the notional induced velocity Ui. Note
this is a montage of the mean velocity profiles of PIV region 1, 2 and 3 stitched together
using linear interpolation.

entrainment across approximately 70% of the nozzle inlet plane. Reversed flow is
observed outboard of the nozzle (|r/R| > 1.15) indicating that air is being drawn
around the side of the nozzle into the inlet as a result of the jet. Figure 3.5d shows that
on the horizontal axis of the nozzle inlet, there is very little tangential velocity, on the
vertical axis, where air is entrained radially into the nozzle inlet there is high radial
velocity which gradually decreases as it approaches the nozzles core. This radial
velocity magnitude is not observed in the nozzle outlet velocity profile presented in
figure 3.5b, however the jet has a slight velocity bias towards the lower velocity core
of the nozzle. Through the nozzle the core velocity reduced from u/Ui ≈ 0.65 to
u/Ui = 0.35.

PIV RESULTS.

The mean axial velocity flow field around the ventilated open core annular jet issuing
into quiescent surroundings is shown in figure 3.6. This figure was produced by
stitching the result of all three PIV regions of interest together using linear interpol-
ation. Mean flow streamlines indicate that, despite the different nozzle profiles the
velocity profile produced by the ventilated OCAJ used in this investigation is similar
to that of the profile presented by Padhani et al. (2018), with air being entrained into
the shear layers of the jet. Streamline seed points were placed at various locations
in the velocity field to highlight specific features of the flow field. Padhani et al.
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Figure 3.7: Mean axial velocity (u) along the nozzle longitudinal axis u(x, 0, 0) scaled
with respect to the notional induced velocity (Ui).

(2018) identified in their experiments, on a ventilated OCAJ issuing into quiescent
surroundings a region of recirculation located on the axis of symmetry, 2.4R away
from the nozzle. This region of recirculation was composed of a region of reverse flow
bound on either side by a stagnation point. The induced flow initially increased from
the nozzle outlet until x/R = 0.1, after which it decelerated to zero at the stagnation
point closest to the nozzle outlet. In the current experiments, this feature cannot be
observed in the mean axial flow velocity profile presented in figure 3.6 or the nozzle
centreline mean axial velocity profiles presented in figure 3.7 which were extracted
from figure 3.6. The flow does decelerate from the nozzle outlet but it does not
approach a stagnation point. Instead it reaches a minimum x/R = 1.6 away from
the nozzle outlet plane. The mean axial velocity increases for x/R > 1.6. Warda
et al. (1999) associated this increase with the increasing coalescence of the jet. The
reattachment point of the jet (when the jet shear layers have fully coalesced and the
velocity reaches a maximum) was not in the region of interest of this investigation
when the jet was issuing into quiescent surroundings. Further analysis of figure
3.7 shows that air is drawn into the nozzle outlet from distances greater than 1.5R
downstream of the nozzle inlet plane. The air accelerates as it is drawn towards the
nozzles inlet. Air is also drawn from around the side of the nozzle into the nozzle inlet.

A comparison between the mean axial flow velocity profiles produced by the
ventilated OCAJ used in this investigation and the ventilated OCAJ investigated
by Padhani et al. (2018) is shown in figure 3.8. From figure 3.8 it is clear that the
velocity profiles produced by the two ventilated OCAJ differ considerably, however it
is believed differences in nozzle profile such as the nozzle outlet angle, and the nozzle
expansion ratio are responsible the variations observed.
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Figure 3.8: Mean axial velocity (u) along the nozzle longitudinal axis u(x, 0, 0) scaled
with respect to the jet nozzle exit velocity (Uex).

UNSTEADINESS OF THE FLOW FIELD.

The unsteadiness of the velocity field is presented in figure 3.9 by means of the RMS
of the fluctuations of the axial velocity u . The RMS of the fluctuations of the velocity
field are predictably negligible outside of the jet flow. Whilst a ring of high-velocity
fluctuations surrounding a relatively steady core extends away from the nozzle at a
radial ordinate of y/R = ±1.0 with peak velocity-fluctuations of approximately 0.6Ui

located closest to the nozzle outlet. The unsteadiness coincides with the shear layers
of the jet whilst the jet coalescence leads to an increase in the velocity field fluctuations
along the nozzle centreline. Figure 3.9 shows that the velocity fluctuations at the nozzle
inlet are low, suggesting that the air entrained into the nozzle is relatively steady
compared to the flow that leaves the nozzle. The same trends were observed when
the unsteadiness of the LDA data signals were analysed, with both the horizontal and
vertical axes of both the nozzle inlet and outlet profiles showing similar profiles, as
shown in figure 3.10a and figure 3.10b, respectively. Further analysis of figure 3.10a
highlights a region of relatively elevated unsteadiness in the centre of the nozzle outlet.
Further analysis of figure 3.10 shows that the unsteadiness of the flow drawn into the
nozzle is significantly lower than the unsteadiness of the jet flow the nozzle produced
and is symmetric about the centre of the nozzle.

Visualisations of the first two eigenmodes, produced by applying snapshot energy
POD to the PIV results (PIV:Region 1) obtained by the jet issuing into quiescent
surroundings, are presented in figure 3.13. The first two modes shown in figure 3.13a
and 3.13b indicate that the most probable and energetic realizations of the fluctuations
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Figure 3.9: Contour plots of the RMS of the fluctuations about the mean axial velocity
profile (urms) produced by the OCAJ issuing into quiescent surroundings scaled with
respect to the notional induced velocity Ui. Note this is a montage of the RMS of the
fluctuations about the mean axial velocity profiles of PIV region 1, 2 and 3 stitched
together using linear interpolation.

of the flow field are dominated by the jet internal and external shear layers. Between
the shear layers, there is radial movement of air across the diameter of the nozzle
outlet. Figure 3.11 shows that the first 10 modes contain 9.00% of the kinetic energy of
the fluctuations of the flow field whilst the following 20 modes only contain 9.76%.
The influence of each mode on the velocity field was evaluated by subtracting the
reconstructed mode from the averaged flow field. The reconstructed modes were
produced using both the maximum and minimum reconstruction coefficient Ψ(1).
The reconstructed flow fields shown in figure 3.13 illustrate that mode 1 is primarily
responsible for radial flapping of the jet, as shown by the radial deflection of the jet
flow in figures 3.13c and 3.13e. Mode 2 also contributes to the radial flapping of the
jet. However the contribution is far lower than that of mode 1.

The probability density function (PDF) of the reconstruction coefficients for the
first POD modes Ψ(m) plotted against their respective values Ψ(m) are presented in
figure 3.12. Due to the nature of snapshot PIV, which forces unresolvable scales to
be placed into other modes, the PDF exhibits sinusoidal behaviour. The underlying
structure of the probability density function presented in figure 3.12 was determined
by generating a histogram of the probability density function. The number of bins
(k) used to capture the basic form of the distribution was calculated using Rices Rule
(k = 2 3

√
m) = 17. The distribution has a skewness of −0.12 and a kurtosis value of

2.52 indicating that the distribution is approximately symmetric and platykurtic, i.e.
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(a) Outlet (b) Inlet

Figure 3.10: Mean Axial Velocity Fluctuations urms for: (a) the nozzle outlet and (b)
the nozzle inlet, scaled with respect to the notional induced velocity Ui.

the flow field displays no directional bias to the radial flapping of the jet.

Spectral analysis of the temporal coefficient of mode 1 Ψ(1) indicates that the
radial flapping occurs at a frequency of 20 Hz. Radial jet flapping is a POD mode also
associated with both round jets (Bernero and Fiedler, 2000) and closed core annular
jets issuing into quiescent surroundings (Patter-Rouland et al., 2001). At higher modes
the effect of the reconstructed mode upon the mean flow became indistinguishable for
this region of interest.
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Figure 3.11: Progressive sum of eigenvalues as a percentage of the total sum calculated
from the POD of the flow field produced for the ventilated OCAJ issuing into quiescent
surroundings (α = 0.0).

Figure 3.12: Probability Density Function of the first POD modes reconstruction
coefficients Ψ(1) plotted against the values of Ψ(1) for α = 0.0.
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(a) POD mode:1 (b) POD mode:2

(c) Mean - Mode 1: max Ψ(1) (d) Mean - Mode 2: max Ψ(2)

(e) Mean - Mode 1: min Ψ(1) (f) Mean - Mode 2: min Ψ(2)

Figure 3.13: Visualisation of the first two POD eigenmodes of the velocity fluctuations
at the nozzle outlet (PIV Region 1) calculated from 600 instantaneous velocity fields
of the jet issuing into quiescent surroundings (Uo = 0.0), (a) mode 1, (b) mode
2. The vectors lengths are scaled with respect to the maximum vector length of
each individual modes. Reconstructed simulations of the velocity fields produced by
the subtraction of the maximum (c, e) and minimal (d, f ) reconstruction coefficient
representations of the first two modes from the mean flow field are presented in this
figure. The axial velocity u is scaled with respect to the notional induced velocity Ui.
Radial flapping of the jet can be observed in figure (c) and figure (e).



100 Chapter 3

3.3.2 EFFECT OF COUNTERFLOW VELOCITY ON THE MEAN FLOW FIELD.

LDA RESULTS.

Figure 3.14 shows the development of the mean velocity profiles at the nozzle inlet and
outlet planes as the velocity ratio was increased from α = 0.0 to 2.0. At low velocity
ratios α ≤ 0.7, the mean radial velocity profile at the nozzle outlet was not significantly
affected by the introduction of a uniform counterflow. The mean axial velocity profiles
at the nozzle outlet presented in figure 3.14a indicate that the peak velocities associated
with the annular jet reduce slightly as the velocity ratios was varied from α = 0.0 to
α = 0.7. The initial introduction of a counterflow slightly reduced the velocity in the
low velocity core. The same trend was observed in the mean axial velocity profiles
of the nozzle inlet presented in figure 3.14c. The initial introduction of a counterflow
produced a small reduction in the inflow velocity, however further increases from
α = 0.0 to α = 0.7 did not have any noticeable effect on the nozzle inlet’s mean
axial velocity profile. As with round jets issuing into a uniform counterflow, the
jets interaction with the counterflow will occur in the far field with the near field
resembling that of the jet issuing into quiescent surroundings.

Increasing the counter flow velocity to α = 0.8 results in the formation of a region
of reverse flow through the centre of the nozzle along with a large reduction in the
peak velocities of the annular jet (figure 3.14a). This is coupled with the appearance
of strong radial velocity at the nozzle outlet, implying that the jet flow is deflected
radially outboard. The region of reverse flow does not extend through the nozzle
inlet plane and the velocity of air entrained axially into the nozzle is reduced to
approximately zero indicating that the ventilated open core annular jet is no longer
acting as an efficient air multiplier. At higher velocity ratios α > 0.9, the axial velocity
at the nozzle inlet and outlet becomes negative (−u) indicating that the counterflow
penetrates both of these planes. All of the nozzle outlet experienced negative axial
velocity for α ≥ 1.0 and the magnitude of u decreased despite the nozzles ventilated
core. This is coupled with the increase in peak radial velocity at radial ordinates of
y/R ≈ ±1.0. Characterisation of the velocity profile inside the nozzle of the ventilated
OCAJ was beyond the scope of this investigation.

Increasing the counterflow velocity from α = 0.8 to α = 2.0 leads to the formation
and gradual increase in magnitude of a region of reverse flow through the centre of the
nozzle inlet. i.e. the counterflow passes through the ventilated core of the nozzle. This
is coupled with the appearance of strong radial velocity at the nozzle inlet, indicating
that the counter flow passes through the nozzle and is radially diverted outward. The
peak radial velocity component occurs inboard of the nozzle inlet at a radial ordinate
of y/R = ±0.5. At α = 2.0 the radial velocity is approximately linear and symmetric
across the nozzle outlet plane.
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In order to contextualise the velocity profiles presented in figure 3.14, sketches
of the generalised flow field produced by the ventilated OCAJ at velocity ratios of
α = 0.0, of α ≈ 0.7 and α = 0.9 are shown in figure 3.15. The sketches show the effect
the sign of the velocity profile has on the structure of the flow field produced.
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(a) Outlet axial velocity (u). (b) Outlet vertical velocity component (v).

(c) Inlet axial velocity (u). (d) Inlet vertical velocity component (v).

Figure 3.14: LDA mean axial velocity profiles along the vertical axis of symmetry.
Outlet plane ( x

R = 0.48), figure(a) Outlet: axial velocity (u) and figure(b) Outlet:
vertical velocity (v). Inlet plane ( x

R = −1.75) figure(c) axial velocity and figure(d)
vertical velocity. Data is scaled with respect to the notional induced velocity Ui.
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PIV RESULTS.

Figure 3.15 shows the development of the mean flow field at the nozzle outlet as the
counter flow velocity was increased from α = 0.0 to α = 0.9. At low counterflow
velocity ratios (α < 0.6), the near flow field is similar to that of the ventilated OCAJ
issuing into quiescent surroundings. As the counter flow velocity was increased, the
jet is increasingly encroached upon by the counterflow. At the interaction between
the jet flow and the counterflow the magnitude of the radial velocity component
increased as the flow turns outward away from the core of the nozzle. The axial
velocity component decreases to approximately zero, leading to the formation of the
saddle point on the geometric centreline of the nozzle. Analysis of figure 3.15c and
figure 3.15d shows that the saddle point moves towards the nozzle as the counterflow
velocity was increased, moving from x/R = 4.0 at α = 0.6 to x/R = 0.8 to α = 0.7.
The saddle point on the nozzle centreline is not visible in the interrogation area at
a velocity ratio of α = 0.8, however a region of reverse flow penetrates through the
nozzle outlet plane (fig3.15e). Despite the penetration of the counterflow through the
core of the nozzle outlet, jet flow escapes the nozzle in an annulus around the core.
The mean flow field indicates that very little air leaves the nozzle outlet when α ≥ 0.9.

The development of the mean flow outboard of the nozzle is shown in figure 3.16.
This figure shows that the development of a large mean flow recirculation outboard
of the nozzle is dependent on α. At a velocity ratio of α = 0.7, the centre of the
recirculation is located, in figure 3.16d, approximately 1.1R upstream of the nozzle
and 1.8R outboard of the nozzle core. This recirculation is a result of the radial velocity
component caused by the formation of the saddle point described earlier. As the
velocity ratio increased the recirculation moved from downstream to around the side
of the nozzle. This is coupled with the formation of a region of recirculation that
forms around the side of the nozzle, allowing the jet flow to be entrained back into
the nozzle inlet observable in figure 3.16e. A portion of the jet flow is deflected back
into the nozzle outlet instead of being transported radially outboard around the side
of the nozzle. The recirculation is transported away from the nozzle when α ≥ 0.9 and
the free stream passes around and through the nozzle as shown in figure 3.16f.

The mean flow field at the nozzle inlet, as the counterflow velocity was varied
from α = 0.0 to α = 0.9, is presented in figure 3.17. Increasing α leads to the formation
of a persistent saddle point, shown in figure 3.17b, which forms approximately 1.4R
downstream of the nozzle inlet for α = 0.5. This saddle point can still be observed
in the same location in figure 3.17e where α = 0.8, and forms as a result of the
interaction between air being drawn into the nozzle inlet and the counterflow which
passes around the side of the nozzle. Increasing the counter flow velocity ratio further
led to the reversal of the mean flow through the nozzle inlet, shown in figure 3.17f,
indicating that the ventilated open core annular jet has ceased to entrain air through
the nozzle.
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Mean centreline velocity profiles for a range of α values are presented in figure 3.18.
The centreline velocity decay profiles produced by the ventilated OCAJ are different
to the hyperbolic relationships characteristic of round jets in counterflow derived by
Beltaos and Rajaratnam (1973) and Yoda and Fiedler (1996). At low α values, the
velocity profile along the nozzle centreline is notionally similar to that of the jet issuing
into quiescent surroundings, driven by the entrained air and the coalescence of the jet
shear layers. A velocity ratio of α = 0.6 elicits a noticeable change in the development
of the jet. Instead of decreasing, the velocity increases from the nozzle outlet to a
maximum at x/R = 1.7 after which the velocity begins to decrease until it reaches
zero at the mean penetration length xp = 4.0R. Beyond this point u becomes negative
as a result of the counterflow. A further increase in α moves the xp towards the nozzle
outlet, i.e. xp = 1.0R at α = 0.7. For velocity ratios ranging from 0.8 ≤ α < 2.0, the
axial centreline velocity profile is dominated by the counterflow. The acceleration of
the jet from the nozzle outlet is replaced by an acceleration of the counterflow as it
passes through the nozzle outlet. The counterflow initially decelerates upstream of
the nozzle before accelerating towards the outlet. The velocity of the flow entering the
nozzle in this α range is approximately equal to the velocity of the counterflow as it
enters the region of interest. The acceleration of the air, as it approaches the nozzle,
reduces as α increases until, at α = 2.0, the counterflow continuously decelerates as it
approaches the nozzle.

The structure of the near field was the focus of this investigation and, as such, only
two values for the mean penetration length of the jet into the counterflow could be
obtained from the centreline axial velocity profiles presented in figure 3.18. Despite it
is clear from figure 3.19 that the penetration length of a ventilated open core annular
jet is different to that of a round jet, with a mean velocity equivalent to Ui issuing into
counterflow. The exact nature of this relationship could not be determined from this
investigation. With this focus, it was not possible to determine the growth rate of the
jet.
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(a) α = 0.0 (b) α = 0.5

(c) α = 0.6 (d) α = 0.7

(e) α = 0.8 (f) α = 0.9

Figure 3.15: Averaged mean axial velocity contour plots of the ventilated OCAJ nozzle
outlet (PIV: Region 1) as counter flow velocity |Uo| increases. Streamlines and a
reduced number of velocity vectors are superimposed onto the contour plots. All of
the velocity vectors are scaled with respect to the notional induced velocity, Ui. Note:
the formation of a saddle point in figure 3.15c and fig. 3.15d.
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(a) α = 0.0 (b) α = 0.5

(c) α = 0.6 (d) α = 0.7

(e) α = 0.8 (f) α = 0.9

Figure 3.16: Averaged mean axial velocity contour plots around the ventilated OCAJ
nozzle (PIV: Region 2) as the counter flow velocity |Uo| increased. Streamlines and a
reduced number of velocity vectors are superimposed onto the contour plot. All of the
velocity vectors are scaled with respect to the notional induced velocity Ui. Note the
formation of a large vortex which moves from below the nozzle to around the nozzle
in fig. 3.16d and 3.16e.
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(a) α = 0.0 (b) α = 0.5

(c) α = 0.6 (d) α = 0.7

(e) α = 0.8 (f) α = 0.9

Figure 3.17: Averaged mean axial velocity contour plots around the ventilated OCAJ
nozzle inlet (PIV: Region 3) as the counter flow velocity |Uo| increased. Streamlines
and a reduced number of velocity vectors are superimposed onto the contour plot.
All of the velocity vectors are scaled with respect to the notional induced velocity Ui.
Note the formation of a persistent saddle point in fig. 3.17b, fig. 3.17c, 3.17d and 3.17e.
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Figure 3.18: Mean axial velocity (u) profiles along the nozzle longitudinal axis
u(x, 0, 0) scaled with respect to the notional induced velocity (Ui).

Figure 3.19: Mean penetration length xp from PIV measurements for the ventil-
ated OCAJ compared with the linear relationships defined by Morgan et al. (1976)
characterising the penetration length of a round jet issuing into a uniform counterflow.
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3.3.3 EFFECT OF COUNTERFLOW VELOCITY ON THE UNSTEADINESS OF THE

FLOW FIELD.

During the analysis of the PIV results, and the smoke flow visualisation, it became
apparent that, as with a round jet issuing into counterflow, the flow produced by a
ventilated OCAJ can differ considerably from the mean flow field presented earlier
in figures 3.15, 3.16 and 3.17. An example of this is presented in figure 3.20 where,
at the same α = 0.7, the counterflow can penetrate the nozzle outlet, as shown in
figure 3.20a, or the jet can propagate 2R upstream into the counterflow as shown in
figure 3.20b. For this reason an analysis of the dynamics of this phenomena and an
assessment of the unsteadiness of the jet’s near flow field was performed.

PIV RESULTS.

Figures 3.21 and 3.22 show contour plots of the RMS of the fluctuations of the local
velocity around the local mean, scaled with respect to Ui. When initially introduced
to a counterflow, the ring of high unsteadiness associated with the jet shear layer
broadens, diffusing laterally as the jet propagates away from the nozzle. Figure 3.21b
and 3.22b also show that the unsteadiness of the low velocity core increased. When
α = 0.6, the regions of high RMS merge to form a crescent of unsteadiness which
covers most of figure 3.21c, containing the saddle point identified earlier in figure 3.15c.
At this α value, a noticeable increase in the unsteadiness of the flow field outboard and
upstream of the nozzle is observed. A region of near uniform unsteadiness equivalent
to (urms ≈ 0.3Ui) extends more than 2.5R from the nozzle core. As the saddle point
moves towards the nozzle outlet, the crescent of unsteadiness breaks down, leading
to the formation of a ring of higher RMS (urms ≈ 0.7Ui) which extends away from
the nozzle. The location of the saddle point identified in figure 3.15d is located in a
region of unsteadiness located within the centre of this ring. The disappearance of
the saddle point from the field of view means that the flow field returns to a form
where the unsteadiness is solely dominated by the structures of the jet flow, as it is
moves around the outside of the nozzle. The extent to which the regions associated
with the jet extend upstream reduced as α increased until it was confined to a region
close to the lip of the nozzle at α = 0.9. The maximum unsteadiness (urmsmax ≈ 0.8Ui)

occurred at the lip of the nozzle outlet when α = 0.8. Figure 3.22e shows that the flow
around the side of the nozzle, at this α value, is relatively unsteady. For α = 0.9 the
unsteadiness is limited to a thin layer near to the nozzle surface.
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(a) (b)

Figure 3.20: Individual PIV snapshots of the nozzle outlet (PIV: Region 1) at α = 0.7.

(a) α = 0.0 (b) α = 0.5

(c) α = 0.6 (d) α = 0.7

(e) α = 0.8 (f) α = 0.9

Figure 3.21: Contour plots of the RMS of the axial velocity fluctuations urms at the
outlet of the ventilated OCAJ nozzle (PIV: Region 1). As the counterflow velocity |Uo|
increased the high RMS zones associated with the annular jet shear layer observed in
figure 3.21a merged to form a large region of increased RMS on the nozzle centreline,
as shown in figure 3.21c.
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(a) α = 0.0 (b) α = 0.5

(c) α = 0.6 (d) α = 0.7

(e) α = 0.8 (f) α = 0.9

Figure 3.22: Contour plots of the RMS of the axial velocity fluctuations urms around
the side of the ventilated OCAJ (PIV: Region 2).
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Figure 3.23: RMS fluctuations of the axial velocity component along the vertical
axis 0.48R upstream from the nozzle outlet plane. All velocities presented are non-
dimensionalised with respect to the notional induced velocity (Ui).
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3.3.4 EFFECT OF COUNTER FLOW VELOCITY ON DYNAMICS OF THE FLOW.

SMOKE FLOW VISUALISATION RESULTS.

Sequential images produced from the smoke flow visualisation recordings, which
show the dynamics of the flow field produced by the ventilated OCAJ operating at
a velocity ratio of α = 0.7, 0.8 and 0.9, are presented in figures 3.24, 3.25 and 3.26.
Figure 3.24 shows that, at relatively low counterflow velocities α = 0.7, where the
velocity of the ventilated OCAJ is still notionally similar to that of the isolated jet,
the counterflow velocity penetrates the nozzle outlet (figure 3.24). Penetration of the
nozzle outlet by the counterflow results in a sudden, large scale expulsion of air from
the nozzle into the counterflow, which results in the formation of a stagnation point
which moves away from the nozzle outlet. The radial deflection of the free stream
leads to the formation of a large vortex ring which sheds into the free stream and is
deflected around the nozzle. Induced flow by the nozzle is capable of drawing these
vortices back into the nozzle depending on the trajectory of the shed vortices. The
persistence of the stagnation point in the flow field is variable, however the flow field
shows a greater tendency to exist in this form at lower α ratios. At greater counterflow
velocities, the counterflow penetrates the inlet of the nozzle, as shown in figure 3.25c,
and is radially deflected around the nozzle. Despite this, the penetrated flow is drawn
back into the jet flow and air is once again expelled from the nozzle leading to the
formation of a large vortex ring coupled with a stagnation point, see figure 3.25f.
Increasing the counterflow velocity increased the probability that the flow field would
tend towards that associated with the formation of a large vortex ring, rather than that
of the isolated jet until it becomes periodic at α = 0.9. In the context of a round jet in
counterflow, the flow has transitioned from an unstable case, through the intermittent
case to a stable flow condition. A third flow condition is identifiable at higher α values,
henceforth referred to as the reversed flow condition, which is a result of the unique
properties of the ventilated open core annular jet which allows the counterflow to
pass through the centre of the nozzle. In the reversed flow condition no jet flow passes
through the nozzle outlet, instead air from the jet interacts with the counterflow inside
of the nozzle and passes out through the nozzle inlet plane.
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(a) β = 34.37 (b) β = 40.07 (c) Expulsion Event:β = 42.56

(d) β = 45.05 (e) β = 49.34 (f) β = 62.19

Figure 3.24: Sequential smoke flow visualisation images of an expulsion event ob-
served when α = 0.7 where β = t|Uo |

D . Beta is a non-dimensional parameter used to
define the separation of sequential images in terms of the time it takes the free-stream
flow to travel a distance equal to the jet outlet diameter (D).

(a) β = 4.13 (b) β = 6.88 (c) β = 13.77

(d) Expulsion Event β = 17.44 (e) β = 20.49 (f) Expulsion Event β = 29.52

Figure 3.25: Sequential smoke flow visualisation images of an expulsion event ob-
served when α = 0.8 where β = t|Uo |

D . Beta is a non-dimensional parameter used to
define the separation of sequential images in terms of the time it takes the free-stream
flow to travel a distance equal to the jet outlet diameter (D).
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(a) β = 16.44 (b) β = 18.40 (c) Expulsion Event β = 22.28

(d) β = 23.57 (e) β = 24.78 (f) Expulsion Event β = 26.79

Figure 3.26: Sequential smoke flow visualisation images of an expulsion event ob-
served when α = 0.9 where β = t|Uo |

D . Beta is a non-dimensional parameter used to
define the separation of sequential images in terms of the time it takes the free-stream
flow to travel a distance equal to the jet outlet diameter (D).

POD RESULTS.

POD analysis of individual PIV snapshots of the flow investigated in PIV:Region 1
provides further insight into the underlying structures of the flow field observed from
the smoke flow visualisation. The cumulative sum of the eigenvalues as a percentage
of the total sum of the kinetic energy associated with the fluctuations for a range of α

ratios is shown in figure 3.27. In the unstable flow condition (α ≤ 0.5) the first ten POD
modes contain approximately 8.72% of the total kinetic energy of the fluctuations,
whilst the first 20 modes contain approximately 14%. Figure 3.29a shows that, in this
flow regime, the first POD eigenmode is notionally similar to that of the first POD
mode of the ventilated OCAJ, issuing into quiescent surrounding described earlier.
Reconstructions of the flow field using the maximum (figure 3.29c), and minimum
(figure 3.29e), reconstruction coefficients, show that the radial movement of air across
the nozzle outlet between the jets dominant internal and external shear layers observed
in the first eigenmode mode is primarily responsible for the radial flapping of the
jet at a frequency of ( f ≈ 0.3Hz). Figures 3.29d and 3.29f show that mode 2 is also
responsible for the slight radial flapping of the jet, however, the contribution is far
lower than that of mode 1. It should be emphasised that the magnitude of this radial
flapping is small and that the unsteadiness of the flow field is still dominated by the jet
shear layers. Analysis of the probability density functions (PDF) of the reconstruction
coefficients for mode 1, Ψ(1) and mode 2, Ψ(2) plotted against the values of Ψ(m)

for a range of α ratios are presented in figure 3.28. When operating in the unstable
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(a) (b)

Figure 3.27: (a) Progressive sum of singular values as a percentage of the total sum
calculated from the fluctuations of the flow field contained in (PIV: Region 1); (b) The
percentage sum of the first 10 and the first 20 modes over a range of α values from 0.0
to 2.0.

flow condition, the distributions for both modes produce skewness values between
−0.12 ≤ Sk ≤ 0.89 indicating that the reconstruction coefficients of the first two POD
modes, responsible for the radial flapping of the jet are still symmetric about zero. All
of the second POD mode’s reconstruction coefficients probability density functions
had small skewness values, indicating that the mode was approximately symmetric.
Visualisations of the first two eigenmodes produced by the analysis of the flow field
at the nozzle outlet (PIV: Region 1) operating in one of the intermittent flow conditions
investigated (α = 0.6) are presented in figure 3.30. Mode 1, shown in figure 3.30a, is
notionally similar to that of the mean flow field produced by the jet operating in the
unstable flow condition, whilst mode 2 can be characterised by the reversal of flow
through the nozzle outlet. Reconstruction of the flow fields, presented in figure 3.30,
show that both of these modes are responsible for fluctuations of the jets penetration
into the counterflow. These fluctuations coincide with the location of the crescent of
high RMS identified in figure 3.21c. Higher POD eigenmodes show radial flapping
of the jet is still present, however its contribution to the flow field is less significant
than at lower α ratios. At α = 0.7 the PDF of the reconstruction coefficients of the
first POD mode has a skewness value of Sk = 0.37. This indicates that the first POD
mode has a greater tendency to exist in a form where the counter flow penetrates the
jet. The PDF shows, that as the velocity ratio increased, the tendency of the counter
flow to penetrate up to the nozzle outlet as a result of the first POD mode increased.
The percentage of the total kinetic energy of the fluctuations contained in the first 10
and 20 POD modes increased as the jet transitioned from a unstable to a stable flow
condition because the disordered nature of the unsteadiness decreased. Once the
flow enters the reversed flow condition, the percentage decreased, indicating that the
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(a) (b)

Figure 3.28: Probability Density Function of the POD reconstruction coefficients Ψ(m)
of (PIV: Region 1) plotted against the values of Ψ(m) for a range of α ratios.

number of low energy ratio POD modes increased and therefore the number of small
scale structures observed in the region of interest (PIV: Region 1) increased when
compared to that of the jet operating in the intermittent or stable flow conditions.
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(a) POD mode:1 (b) POD mode:2

(c) Mean - Mode 1: max Ψ(1) (d) Mean - Mode 2: max Ψ(2)

(e) Mean - Mode 1: min Ψ(1) (f) Mean - Mode 2: min Ψ(2)

Figure 3.29: Visualisation of the first two POD eigenmodes of the velocity fluctuations
at the nozzle outlet (PIV: Region 1) calculated from 600 instantaneous velocity fields
of the jet issuing into a counterflow (α = 0.5), (a) mode 1, (b) mode 2. The vectors
lengths are scaled with respect to the maximum vector length of each individual
mode. Reconstructed simulations of the velocity fields produced by the subtraction
of the maximum and minimal reconstruction coefficient representations of the first
two modes from the mean flow field are presented in figure (3.29c, 3.29e) and (3.29d,
3.29f), respectively. The axial velocity (u) is scaled with respect to the notional induced
velocity Ui. Radial flapping of the jet flow can be observed in figure 3.29c and figure
3.29e.
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(a) POD mode:1 (b) POD mode:2

(c) Mean - Mode 1: max Ψ(1) (d) Mean - Mode 2: max Ψ(2)

(e) Mean - Mode 1: min Ψ(1) (f) Mean - Mode 2: min Ψ(2)

Figure 3.30: Visualisation of the first two POD eigenmodes of the velocity fluctuations
at the nozzle outlet (PIV: Region 1) calculated from 600 instantaneous velocity fields
of the jet issuing into a counterflow (α = 0.6), (a) mode 1, (b) mode 2. The vectors
lengths are scaled with respect to the maximum vector length of each individual
modes. Reconstructed simulations of the velocity fields produced by the subtraction
of the maximum and minimal reconstruction coefficient representations of the first
two modes from the mean flow field are presented in figure (3.30c, 3.30e) and (3.30d,
3.30f) respectively. The axial velocity (u) is scaled with respect to the notional induced
velocity Ui. Oscillation of the saddle point is observed in figure 3.30c and figure 3.30e.
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3.4 CONCLUSION.

An investigation into the structure of the flow field produced by a novel ventilated
OCAJ issuing into a uniform counterflow has been performed. A notional induced
velocity has been shown by LDA, PIV and smoke flow visualisation to be an effective
method of characterising the flow field of a ventilated OCAJ. As with a round jet, the
flow field produced by a ventilated OCAJ issuing into a uniform counterflow can be
characterised as transitioning from an unstable to a stable flow condition, as the jet to
counterflow velocity increased. The flow field can also exist in an intermittent form
where the stable and unstable flow conditions can coexist. The ventilated core allows a
fourth flow condition to form, identified here as the reversed flow condition. In this
condition, the jet does not pass through the nozzle outlet. Instead the counterflow
passes through the nozzle forcing the jet flow to reverse direction and pass through
the nozzle inlet. Whilst operating in the unstable flow condition, the flow field exhibits
a topology typical of a ventilated OCAJ, where induced flow is drawn through the
nozzle surrounded by a ring of higher velocity air associated with the jet. Increasing
the counterflow velocity results in a conical region of flow penetrating towards the
nozzle outlet which causes a saddle point to form on the geometric centreline of
the nozzle. At counterflow velocities close to the notional induced velocity, the flow
topology can exist in one of two topological forms: a region of recirculating air or that
of the standard ventilated OCAJ. The diameter of this recirculation is approximately
equal to the diameter of the nozzle. The formation of the recirculation is coupled
with the formation of a stagnation point on the geometric centre-line of the nozzle.
The saddle point can persist upstream of the nozzle outlet for prolonged periods
of time at low counterflow to jet velocity ratios (α). When the nozzle enters the
intermittent flow condition, the saddle point can penetrate through the nozzle outlet
plane, where it can persist for a short period of time before being expelled upstream
away from the nozzle. At higher counterflow velocity ratios the saddle point can
pass through the nozzle inlet as well before it is drawn back through the nozzle and
expelled upstream. The shedding of the recirculation becomes periodic when the
induced to counterflow velocity ratio approached α = 0.9. PIV results revealed that
the mean centreline velocity decay profiles produced by a ventilated OCAJ issuing into
a counterflow differ significantly from the hyperbolic relationships characteristic of
round jets issuing into a counterflow. Initial results suggest that the mean penetration
length of a ventilated OCAJ into a uniform counterflow differs from that of a round jet.
However, further investigations would be required to determine the exact nature of this
relationship. POD analysis showed that, in the unstable flow condition, the fluctuations
are dominated by the first POD mode which represents the radial flapping of the jet
shear layers. In the intermittent flow condition the main fluctuations of the flow field
are dominated by the variation of the jets penetration into the counterflow. The results
presented in this chapter show that, when introduced to a uniform counterflow, the
flow field produced by the ventilated OCAJ contains many of the topological features
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identified in the flow field of a shrouded rotors and an unshrouded rotor operating
in the VRS, presented in chapter 2. POD analysis showed that the fluid structures
responsible for the unsteadiness of the flow field produced by the shrouded rotor
and the unshrouded rotor which was previously presented in chapter 2, were also
observed in the flow field produced by the jet. The results presented so far in this
thesis show that the mechanism by which the jet and the wake produced by both
the shrouded rotor and the unshrouded rotor wake breakdown into toroidal states is
similar. Indicating that the blade tip vortices, and therefore the mutual-inductance
instability of helical vortices is not responsible for the development of the VRS, instead
this suggests that they contribute to its development.





CHAPTER 4
THE VORTEX RING STATE OF A ROTOR WITH A LARGE
ROOT CUT OUT.

4.1 INTRODUCTION.

An experimental investigation into the flow field produced by a rotor with a large
root cut out, operating in axial descent, performed in the University of Glasgow De-
Havilland wind tunnel, is presented. Laser Doppler Anemometry (LDA) was used to
determine the velocity profile underneath the rotor, whilst Particle Image Velocimetry
(PIV) and Smoke Flow Visualisation were used to investigate the dynamics of the flow
field as the descent velocity was varied. The rotor had a large root cut out of 30% and
was designed to produce a mean velocity profile which was notionally similar to the
velocity profile produced by the ventilated OCAJ investigated in chapter 3. whilst
containing blade tip vortices. In this chapter, the flow field produced by the rotor was
compared to the flow field produced by a more conventional rotor with a blade root
cut out of 12.5%, which had previously been investigated by Savas et al. (2009) and
Stack et al. (2005).

The investigation showed that blade root cut out significantly affects the structure
and the unsteady fluid dynamics of the flow field produced by a rotor when it is
operating in axial descent. Measurements showed that the breakdown of the rotor
wake into the toroidal recirculation characteristic of the VRS occurred over a narrower
range of descent velocity ratios than seen in rotors with smaller root cut outs. The
analysis of individual PIV measurement indicated that a large root cut out allowed the
wind tunnel free stream to penetrate the rotor disk plane at lower descent velocities.
Once the wind tunnel free stream penetrated the rotor disk plane, the flow became
locked within the toroidal form until the rotor entered the wind mill brake state. The
rotor did not enter the incipient flow regime.

123
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4.1.1 AIMS AND OBJECTIVES OF THIS INVESTIGATION

The objectives and scope of this investigation are summarised below:

� Characterise the flow field produced by a rotor with a large root cut out;

� Characterise the flow field produced by a rotor with a large root cut out operat-
ing in axial decent;

� Explore the effect root cut out has on the development of the VRS.
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4.2 EXPERIMENTAL METHOD

4.2.1 DESCRIPTION OF THE APPARATUS

An experimental investigation into the flow field produced by a 0.336m diameter (D)

untwisted, untapered, fixed pitch rotor with a 0.1m root cutout (Rc) operating in axial
descent was performed. Figure 4.1 shows a schematic diagram of the custom rotor
used in this investigation, and additional rotor parameters are presented in table 4.1.
The rotor had no cyclic input, and there were no lead-lag or flap degrees of freedom.
Both of the carbon-fibre, uniform chord c = 0.0315m blades were lightly loaded and
were therefore assumed to be rigid. This rotor was chosen as it would induce a wake
with a similar velocity profile to that of the OCAJ (please refer to Chapter 3). The large
root cut out support had a cylindrical cross-section ensuring that this section of the
rotor did not induce any flow. NACA0012 aerofoils, which are commonly used in the
research of helicopters were used to induce flow outboard of the root cut out. It should
be noted that the rotor used in this investigation was not designed to be representative
of a typical helicopter rotor, instead the rotor was designed specifically to produce a
mean velocity profile similar to that produced by the ventilated OCAJ, which induced
very little flow through the centre of the nozzle compared to the higher velocity jets
which surrounded the core, whilst also containing the helical vortex filaments which
are characteristic of rotor wakes.

The rotor was mounted on a comprehensive ATE AeroTech Ltd model positioning
system installed in the University of Glasgow DeHavilland wind tunnel. The system
is capable of yaw (210o to −150o), pitch (45o to −15o) and roll (180o to −180o) angle
adjustments, with an accuracy of ±0.05o. A schematic diagram of the rotor installed
on the articulated sting is shown in figure 4.2. The rotor was orientated to induce
velocity (Ui) against the wind tunnel so that its speed (Uo) represents the descent
velocity of the rotor. The test rig, shown in figure 4.2, had a negligible wind tunnel
blockage of ≈ 3%. The thrust produced by the rotor was not investigated.

.

The rotor was powered by a 750W Panasonic AC servo motor model MSMA041A1C
which was mounted on the end of the model positioning system as shown in figure
4.2. The rotor was operated at a rotational frequency of 66.6± 1Hz producing a rotor
tip speed of Vtip = 70ms−1 and a blade tip Reynolds number of 168, 500. The rotor
was connected to the motor using a 0.16m long 0.005m diameter spindle in order to
reduce the effect the motor had on the aerodynamic performance of the rotor. For
reference, an (x, y, z) coordinate axis system, with its origin located at the rotor hub
is defined such that the y-axis is vertically upwards, and the x-axis is parallel to the
wind tunnel free stream.

Once again, a commercially available Dantec Dynamics two-component Laser
Doppler Anemometry (LDA) system was used to investigate the velocity profile 0.48R
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Figure 4.1: Schematic diagram of the rotor used in this investigation.

Figure 4.2: Schematic diagram of the rotor installed on the articulated sting installed
in the DeHavilland wind tunnel.
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Figure 4.3: Schematic diagram of the LDA investigatory profiles of the custom rotor.

upstream of the rotor disc plane. The system consists of two diode pumped solid
state 1W lasers at wavelengths of 488nm and 514nm mounted on a Dantec 9041T3332
3D (1m x 1m x 1m) traverse system capable of scanning the measurement volume
with a positional accuracy of ±0.01mm. The lasers were both orientated at an angle of
2.5o coinciding to form a 2.62 x 0.12 x 0.12mm measurement volume. The system was
operated in burst mode, with transit (residence) time enabled to allow the accurate
calculation of the mean flow velocity for high turbulent flows as defined by Zhang
(2010), George (1988) and Albrecht et al. (2013). Homogeneous seeding of the wind
tunnel was achieved using a Pivtec-GmbH seeder which produced a mean olive oil
particle substrate diameter of 0.9µm as stated by the manufacturer (PIVTechGmbH.,
2019).

Two component PIV, in the symmetry plane along the longitudinal centre line of
the rotor, was performed in order to assess the structure of the flow field. A 532nm
wavelength Litron double cavity oscillator amplified, Nd:YAG laser with an output
energy of 100mJ per pulse was used to deliver the light sheet. A Phantom V341 digital
high speed 4 Megapixel camera with a 2560 X 1600 pixel CMOS sensor fitted with a
Samyang 135mm focal length lens was used to acquire the raw images. A single region
of interest, presented in figure 4.3 was used to investigate the flow field produced
by the rotor. This was used because the flow field produced by an isolated rotor in
axial descent has previously been shown to be symmetric about the centre of the rotor
(Green et al., 2005). Three sets of 600 image pairs were recorded at a frequency of
200Hz for a range of counterflow velocities. A time delay of ∆t = 200µs was used for
all velocity ratios investigated.

Smoke Flow Visualisation was used to investigate the structure of the flow field.
Once again, a single oil based smoke filament, introduced using a Pea Soup - Wind
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Tunnel Air Flow Tracer Smoke Generator model: SGS-90 heated wand, was entrained
into the large recirculating vortices that formed as a result of the interaction between
the rotor wake and the wind tunnel flow. Images were recorded at 300 frames per
second for up to 30 seconds using an Integrated Design Tools, Inc NX3-S4, 8MP high
speed camera fitted with a f = 135 mm F1.4 Kowa lens.

4.2.2 LDA ANALYSIS METHODOLOGY AND ACCURACY.

Characterisation of the rotors outlet was performed on a grid of sample points con-
centrically spaced around the rotor axle, with azimuthal and radial resolutions of
15o and 0.05R respectively. Each of the 433 data points was sampled over a period
of 10 seconds with data burst rates maintained above 200 counts per second. The
approximate accuracy of the mean flow velocity was calculated as being 0.02ms−1

which corresponds to 0.2%% of the peak rotor induced velocity. In descent 177 and 121
data points were sampled for 30s along the vertical and horizontal axes of symmetry
of the rotor with spatial resolutions of 0.0198R and 0.0186R, respectively. Optical
access prevented data from being acquired at displacements of y

R < −1.0 whilst the
reflection of the lasers off the sting prevented the horizontal and vertical traverses
from being identical lengths. The mounts which the probe was mounted onto allowed
the probe to be aligned perpendicular to the wind tunnel flow (90± 0.5o), whilst the
traverse was aligned parallel to the wind tunnel flow ±0.5o.

4.2.3 PIV ANALYSIS METHODOLOGY AND ACCURACY.

Post processing of the raw PIV images was completed using the commercially avail-
able software Davis V8.2. The results presented in this chapter were all produced
using a multi-pass cross correlation algorithm with interrogation windows of 48 x 48
pixels with a 50% overlap followed by an interrogation window of 24 x 24 pixels with
a 50% overlap. The resolution of the PIV was equivalent to approximately 0.0009R
x 0.001R/pixel, which was sufficient to determine small features of the flow field,
such as the blade tip vortices. The uncertainty of the velocity measurements was
calculated to be εu = 0.1

M∆t = ±0.08ms−1 using an optical magnification factor of
M = 6.19pixel/mm and a maximum displacement error of 0.1pixels (Raffel et al.,
2007) A maximum displacement error of 0.1pixels was used to calculate the velocity
error because the software incorporates sub pixel interpolation of 0.1pixels. The un-
steadiness of the flow field was assessed by calculating the root mean square (RMS)
of the fluctuations of the measured axial velocity about the mean axial velocity.
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Operational Parameter Rotor Savas et al. (2009)
Rotor Diameter (m) 0.336 0.254
Rotor Chord (m) 0.033 0.019
Blade Geometry untapered, untwisted untapered, 5o linear twist
Rotor (Hz) 66.7 4
Vtip (ms−1) 70 3.192
Chord (m) 0.034 0.019
Reynolds Number At Blade Tip 168,526 60,648
Number Of Rotor Blades 2 3
Ui (ms−1) 4.6 0.221
CT 0.0086 0.01
Root Cut Out (m) 0.106 (31.5%) 0.032 (12.5%)
Solidity σ 0.0135 4
Collective Angle (o) 9o 11.6o

Medium Air Water

Table 4.1: Table of experimental rotor parameters and operational conditions com-
paring the current study to the experimental investigation performed by Savas et al.
(2009).

4.3 RESULTS.

4.3.1 CHARACTERISATION OF THE FLOW FIELD PRODUCED BY A HOVERING

ROTOR WITH A LARGE ROOT CUT OUT.

The structure of the flow field produced by the rotor was characterised using LDA and
PIV. This was deemed necessary in order to allow estimates of the averaged induced
velocity across the rotor disk plane to be calculated. The averaged induced velocity
(Ui) was used to scale the descent velocity of the rotor (Uo).

MEAN FLOW ANALYSIS.

LDA RESULTS.

The mean axial velocity component (u) in a cross stream plane 0.48R upstream (with
respect to the wind tunnel flow direction) of the rotor disk plane is shown in figure 4.4.
Based on the axial velocity profile, the notional induced velocity (Ui = 4.6ms−1) of
the rotor was calculated using equation 4.1. The notional induced velocity was used
to scale the descent velocity of the rotor (α = Uo/Ui). LDA velocity profiles along the
vertical (y) and horizontal (z) axes of symmetry of the rotor extracted from figure
4.4 are presented in figure 4.5a. The radial and tangential velocity distributions are
presented in figures 4.5b and 4.5c, respectively. The results show that the mean axial
induced velocity profile produced by the rotor can be characterised as a region of
low velocity air surrounded by a ring of high velocity air. The extracted velocity
profile presented in figure 4.5 shows that, on a plane of investigation, the axial velocity
component of the rotor wake is uniform for |r/R| ≤ 0.25. This is a result of the
coalescence of the rotor wake towards the centre of the rotor, shown in figure 4.5b.
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Figure 4.4: Averaged axial velocity component (u) produced by the rotor operating
in hover. This figure was produced using LDA and each sample point location is
displayed by a white cross.

Figure 4.5c shows that peaks in the tangential velocity component of (v/Ui = ±0.7)
occurred at a radial ordinate of y/R = ±0.25. Between the peaks −0.25 ≤ y/R ≤ 0.25
the tangential velocity component is linear. It should be noted that, as expected, the
axial velocity component is significantly larger than the radial or tangential velocity
components of the rotor wake.

The axial and radial velocity profiles presented in figure 4.5 were compared to
those produced by a more conventional rotor, which was previously investigated by
Savas et al. (2009). In their investigation, two component PIV measurements of the
flow field produced by a three bladed, 0.254m diameter, untapered rotor with 5o of
linear twist operating in descent, were obtained. The rotor was operated at a low
rotational frequency (7Hz) in the University of California, Berkeley deep towing tank.
A summary of the main features of the two separate investigations is presented in
table 4.1. It should be noted that the rotor was also used by Stack et al. (2005) to
visualise the development of the blade tip vortices when it was operating in the VRS.
Despite the differences in rotor geometry and the operating conditions reported in
table 4.1, the two rotors produced mean axial and radial velocity profiles, presented
in figure 4.5, which were notionally similar. It was not possible to extract tangential
velocity components from the PIV results. The negative induced velocity at the core
of the more conventional rotor, observed in figure 4.5a, is believed to a be a result of
the rotor mounting system which produced a blockage, located at the rotor core on
the rotor inlet plane. The differences in the induced velocity profile outboard of the
low velocity core, are a result of the difference in twist between the two rotors and the
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(a) Axial velocity (u). (b) Vertical Velocity Component (v).

(c) Tangential velocity (v).

Figure 4.5: LDA mean velocity profiles along the horizontal and vertical axis of
symmetry of the rotor when operating in hover (α = 0.0). The axial and radial velocity
profiles presented in figure 4.5a and figure 4.5b are compared with those of a more
conventional rotor investigated using PIV by Savas et al. (2009). All of the data is
scaled to the hover induced velocity (Ui) of each rotor.

variation of the blade root cut out.

Ui =

∫ 1.0R
0 2πurdr

Ai
(4.1)
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Figure 4.6: Mean axial velocity profile (u) produced by the rotor operating in hover.
Note the velocity (u) is scaled with respect to the induced velocity Ui of the rotor.

PIV RESULTS.

The mean flow field produced by the rotor is shown in figure 4.6. Figure 4.6 shows
that the mean axial velocity profile of the rotor wake can be represented as a region
of low velocity flow surrounded by a ring of higher velocity air. As expected, the
cylindrical rotor hub induced low velocity blade root region. The streamline patterns
show that the low velocity region extends up to 0.5R from the rotor disk plane. At
displacements greater than that 0.5R, the streamlines show that the induced velocity
of the rotor coalesces to form a stream tube which extends more than 1.8R from the
rotor disk plane.
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Figure 4.7: Root mean square of the axial velocity fluctuations (urms) produced by
the custom rotor operating in hover. Note the velocity is scaled with respect to the
induced velocity Ui of the rotor.

UNSTEADINESS OF THE FLOW FIELD.

The RMS of the axial velocity component (urms) of the flow field produced by the
rotor is presented in figure 4.7. Figure 4.7 shows that there is a band of high velocity
fluctuations inboard of the rotor blade tip, which extends away from the rotor disk
plane. Analysis of individual PIV image pairs, such as the vorticity plot presented in
figure 4.8, indicate that the region of high RMS is associated with the passage of the
blade tip vortices along the edge of the wake stream tube. No clear blade root vortices
could be observed in the flow field.
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Figure 4.8: Instantaneous contour plots of the the third component of vorticity
[

d fy
dx −

d fx
dy ] vorticity contained within the flow field produced by the rotor in hover.

Note the existence of a system of blade tip vortices shed from the rotor blade tips.
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4.3.2 EFFECT OF AXIAL DESCENT ON THE MEAN FLOW FIELD PRODUCED BY

A ROTOR WITH A LARGE ROOT CUT OUT.

LDA RESULTS.

Figure 4.9 shows the development of the mean velocity profile produced by the rotor
on a plane 0.48R from the rotor disk plane, as the velocity ratio was varied from α = 0.0
to α = 2.5. Once again, at low velocity ratios (α ≤ 0.6), the velocity components of
the wake, close to the rotor, are similar to those produced by the hovering rotor. This
indicates that, at low velocity ratios, the structure of the flow field produced by the
rotor is unaffected by the introduction of a descent velocity. Increasing the descent
velocity ratio from (α = 0.6 to α = 0.8) leads to the gradual reduction of the peak
axial (figure 4.9a), radial (figure 4.9b) and tangential (figure 4.9c) velocity components
of the rotor wake.

Increasing the descent velocity ratio to (α = 0.85) results in the formation of a
region of reverse flow in the centre of the rotor. This indicates that the wind tunnel
free stream penetrates the plane of investigation in line with the centre of the rotor
(|y/R| ≤ 0.3). This is a modified manifestation of the conical region of reverse flow
which penetrates up to the rotor disk plane previously identified by Brinson (1998)
and Drees and Hendal (1950). In this region, the radial component of the wake reduces
further. However strong radial velocity components form outboard of the region of
reverse flow, as a result of the deflection of the rotor wake radially outboard. At higher
velocity ratios, the percentage of the plane of investigation which experienced reverse
axial flow increased until the rotor entered the windmill brake state. Smoke flow
visualisation showed that this occurred at a velocity ratio of at α = 2.5 (figure 4.10b).
At this velocity ratio the entire rotor experiences reversed flow. It should be noted
that, while the entire plane of investigation experience reversed flow at a velocity
ratio of α = 2.0, smoke flow visualisation of the flow field, presented in figure 4.10a
revealed that the outboard sections of the rotor did not experience reversed flow until
α = 2.5. Instead, the rotor wake was deflected radially outboard in the space between
the rotor disk plane and the plane of investigation. Singular smoke flow visualisation
images are presented in figure 4.10 because no discernible differences in the flow field
could be observed between sequential images like those presented in chapter 2 and
3.. As the descent velocity ratio increased from α = 0.85 to α = 2.0, the peaks in
axial velocity, which surround the region of the rotor which experiences reversed flow,
decreased in magnitude and broadened out as the velocity ratio increased. The radial
ordinate of the peak axial velocity component also moved radially outboard.

Over a velocity range of 0.85 ≤ α < 2.0, the velocity at the centre of the rotor
(y/R = 0) remained constant at (u/Ui = −0.6). It is theorised that the cylindrical
shape of the rotor hub is responsible for this. The deflection of the rotor wake, radially
outward, results in the gradual increase in the radial velocity component outboard
of the rotor (y/R > 1.0). Figure 4.9c shows that the tangential velocity component
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of the rotor wake, reduced to zero across the rotor core (|y/R| ≥ 0.4) at a velocity
ratio of α = 0.4. This is because at velocity ratios above α = 0.85 this region of the
plane of investigation is penetrated by the wind tunnel free stream. Further outboard
(0.4 ≤ |z/R| ≤ 1.0) the swirl velocity component of the rotor wake can still be ob-
served until α = 2.0. This occurs because the outboard sections of the rotor blades
still induce velocity even though the wind tunnel flow has penetrated the centre of
the rotor. It is theorised that this is a result of the large root cut out which does not
induce any significant flow in the centre of the rotor.

A comparison of the mean velocity profiles produced by the rotor and the data
presented by Savas et al. (2009) on a plane 0.48R from the rotor disk plane is presented
in figure 4.11. From figure 4.11 it is clear that, despite the differences in rotor geometry
and the general topology of the flow field produced, the same trends in the mean
axial velocity profiles of the two rotors can be observed. Analysis of figure 4.11 shows
that, at velocity ratios below α < 0.9 the mean axial velocity profile produced by the
more conventional rotor, investigated by Savas et al. (2009) is similar to the induced
velocity profile of the hovering rotor. At a velocity ratio of α = 0.9 the mean axial
velocity component of the more conventional rotor, investigated by Savas et al. (2009),
is similar to the hover velocity profile of that rotor. At velocity ratios above α > 0.9,
the velocity profile of the rotor used by Savas et al. (2009) resembled that produced by
the rotor used in this investigation at velocity ratios above α > 0.85.
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(a) Outlet axial velocity All (u). (b) Outlet Vertical velocity component (v).

(c) Outlet Tangential velocity All (v).

Figure 4.9: LDA mean velocity profiles along the vertical axis of symmetry of the rotor,
( x

R = 0.48) from the rotor disk plane. Axial (u), radial (v) and tangential velocity
profiles are presented in figure 4.9a, figure 4.9b and figure 4.9c respectively. All data
is scaled with respect to the notional induced velocity of the rotor (Ui).
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(a) α = 2.0. (b) α = 2.5.

Figure 4.10: Smoke flow visualisation image of the flow field produced by the rotor
operating at a descent velocity ratio of (a) α = 2.0, (b) (α = 2.5)

(a) Outlet axial velocity (u). (b) Outlet Vertical velocity component (v).

Figure 4.11: LDA mean velocity profiles along the vertical axis of symmetry of the
rotor, ( x

R = 0.48) from the rotor disk plane. The axial (u) and radial (v) velocity
profiles presented in figure 4.11a and figure 4.11b are compared with those of a more
conventianal rotor investigated using PIV by Savas et al. (2009) (shown in black). All
of the data is scaled to the hover induced velocity (Ui) of each individual rotor.
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PIV RESULTS.

Figure 4.12 shows the development of the mean flow field produced by the rotor as
the descent velocity ratio was increased from α = 0.0 to α = 2.0. The results show
that, at low descent velocity ratios, the near field, once again, resembled the flow
field produced by the rotor when it is operating in hover. The rotor wake extends
more than 1.8R from the rotor disk plane in a coherent streamtube. Analysis of figure
4.12 shows that, at a velocity ratio of α = 0.7, a noticeable change in flow topology
occurred. The wind tunnel free stream penetrated up through the centre of the rotor
disk plane whilst the rotor wake was deflected radially outboard. At higher descent
velocity ratios the extent the rotor wake extended upstream, away from the rotor disk
plane without being radially deflected outboard, decreased from x/R = 1.1 at α = 0.7
to x/R = 0.3 at α = 1.6.

More conventional rotors, which have been investigated, identified the formation
of a saddle point on the geometric centreline of the rotor. The saddle point moved
towards the rotor disk plane as the descent velocity ratio increased (Green et al.
(2005), Savas et al. (2009)). The inability of the rotor to induce flow in the centre of
the rotor, as a result of the large root cut out, is believed to be responsible for the
variation of the structure of the flow field. Smoke flow visualisation showed that,
at low descent velocity ratios, the interaction between the rotor wake and the wind
tunnel free stream occurred outside of the region of interest (figure 4.16d). At the
interaction, a saddle point forms on the geometric centre line of the rotor. At velocity
ratios above α = 0.7 the saddle point could no longer be observed in the sequential
smoke flow visualisation results or the PIV results presented in figure 4.17 and figure
4.12, respectively.

Mean centreline velocity profiles produced by the rotor over a range of α values
are presented in figure 4.13. In hover, the wake from the rotor accelerated as the
distance from the rotor disk plane increased. This is a result of the conservation of
momentum of the rotor wake and the contraction of the rotor wake. At low α values
(0.0 < α ≤ 0.6) the velocity profile of the rotor showed an increase in the acceleration
of the rotor wake and in the magnitude of the axial velocity component of the rotor
wake on the rotor centreline as a result of the recirculation that forms downstream of
the rotor. Once the wind tunnel free stream flow penetrated up to the rotor disk plane,
the mean axial velocity component became negative (−u). Increasing the velocity
ratio from α = 0.7 to α = 1.0 did not affect the velocity profile on the rotor centreline.
Further increases in α increased the rate of deceleration of the wind tunnel free stream
as it approached the rotor disk plane.
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(a) α = 0.0 (b) α = 0.6

(c) α = 0.7 (d) α = 0.8

(e) α = 0.85 (f) α = 1.0

(g) α = 1.6 (h) α = 2.0

Figure 4.12: Averaged mean axial velocity contour plots of the rotor (PIV:Region 1) as
counter flow velocity |Uo| increases. Streamlines and a reduced number of velocity
vectors are superimposed onto the contour plots. All of the velocity vectors are scaled
with respect to the rotors induced velocity, Ui. Note no saddle point can be observed
in figure 4.12.
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Figure 4.13: Mean axial velocity profile (u) produced on the centreline axis of the
custom rotor operating between α = 0.0 and α = 2.4.

4.3.3 EFFECT OF COUNTERFLOW VELOCITY ON THE UNSTEADINESS OF THE

FLOW FIELD PRODUCED BY THE ROTOR OPERATING IN AXIAL DESCENT.

PIV RESULTS.

Figure 4.15 shows contour plots of the RMS of the fluctuations of the local axial
velocity about the local mean for the rotor. The RMS of the fluctuations is scaled
with respect to the notional induced velocity (Ui) of the rotor. In hover, the highest
RMS values are concentrated in a single track which extends from the rotor tips. The
location of the highest RMS values coincide with the passage of the blade tip vortices.
As the descent velocity ratio increased from α = 0.0 to α = 0.6 the track became
broader and more diffuse. At higher velocity ratios the unsteadiness of the flow field
was confined to the region of the flow field associated with the deflected rotor wake.
Analysis of individual PIV image pairs, such as the vorticity plot presented in figure
4.14a, showed that the region of high RMS is associated with the passage of the blade
tip vortices. The region of interest used in this investigation prevented the fate of the
blade tip vortices from being determined. Analysis of individual PIV images of the
flow field produced by a more conventional rotor, presented in figure 4.14b, showed
that the blade tip vortices coalesce around the rotor disk (Savas et al., 2009). Further
analysis of the flow field produced by the rotor, around the rotor blade tips showed
that the blade tip vortices were transported around the recirculation before vortex
pairing occurs.
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(a) α = 0.8

(b) Individual vorticity snapshot of the flow field produced by a
rotor operating as a velocity ratio of α = 1.0 extracted from data
obtained by Savas et al. (2009).

Figure 4.14: Instantaneous contour plots of the the third component of vorticity
[

d fy
dx −

d fx
dy ]vorticity (

d fy
dx −

d fx
dy ) contained within the flow field produced by the rotor

operating at a descent velocity ratio of α = 0.6, (figure 4.14a) and the flow field
produced by a rotor previously investigated by Savas et al. (2009) (figure 4.14b). It
should be noted that the rotors investigated were different sizes, rotating in operate
directions and were operating at significantly different rotational speeds.
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(a) α = 0.0 (b) α = 0.6

(c) α = 0.7 (d) α = 0.8

(e) α = 0.85 (f) α = 1.0

(g) α = 1.6 (h) α = 2.0

Figure 4.15: urms contour plots of the rotor (PIV:Region 1) as the descent velocity ratio
increased from α = 0.0 to α = 2.0.
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4.3.4 DISCUSSION.

Analysis of PIV measurements and sequential smoke flow visualisations revealed that
the flow, in the region of interest, did not differ considerably from the mean flow
field presented in figure 4.12. This observation contradicts the findings of Green et al.
(2005) which identified a range of descent velocity ratios where the flow intermittently
switched between the topology associated with a hovering rotor and the topology
associated with the VRS. The analysis of smoke flow visualisation recordings and the
proper orthogonal decomposition of sequential PIV images was performed in order to
provide insight into this variation of the flow field.

SMOKE FLOW VISUALISATION.

Sequential images produced from the smoke flow visualisation recordings showing
the dynamics of the flow field produced by the rotor operating at a velocity ratio of
α = 0.7, α = 0.9 and 1.1 are shown in figures 4.16, 4.17 and 4.18, respectively. Figure
4.16 shows that, at a descent velocity ratio of α = 0.7, the rotor wake extends more
than 3R from the rotor disk plane. At the interaction between the rotor wake and the
wind tunnel free stream flow, a stagnation point forms on the geometric centreline
of the rotor. The entrainment of the smoke filament into the large scale recirculation
that forms outboard of the rotor can be seen in figure 4.16b, 4.16c and 4.16f. The
recirculation aperiodically sheds into the free stream flow.

At higher velocity ratios, the smoke filament penetrates through the rotor disk
plane, as shown in figure 4.17. This is supported by the LDA and PIV data presented
earlier. Upon penetrating the rotor disk plane the smoke filament is drawn back
through the outboard sections of the rotor which are still inducing some flow. As
expected, the deflection of the rotor wake outboard results in the formation of a large
region of recirculation about the rotor blade tips. The recirculation grows until it sheds
away from the rotor into the free stream flow. The growth, and subsequent shedding
of the recirculation, results in the variation of the depth the rotor wake penetrates into
the free stream flow. Analysis of figure 4.18 shows that as the descent velocity ratio
increased the portion of the rotor which drew the penetrating smoke filament back
through the rotor moved outboard.
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(a) β = 4.27 (b) β = 6.29 (c) β = 7.17

(d) β = 8.36 (e) β = 8.74 (f) β = 10.18

Figure 4.16: Sequential smoke flow visualisation images of an expulsion event ob-
served when α = 0.7 where β = t|Uo |

D . Beta is a non-dimensional parameter used to
define the separation of sequential images in terms of the time it takes the free-stream
flow to travel a distance equal to the rotor diameter (D).

(a) β = 10.65 (b) β = 11.22 (c) β = 12.28

(d) β = 13.74 (e) β = 14.15 (f) β = 14.96

Figure 4.17: Sequential smoke flow visualisation images of an expulsion event ob-
served when α = 0.9 where β = t|Uo |

D . Beta is a non-dimensional parameter used to
define the separation of sequential images in terms of the time it takes the free-stream
flow to travel a distance equal to the rotor diameter (D).
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(a) β = 0.89 (b) β = 1.39 (c) β = 1.69

(d) β = 3.48 (e) β = 4.17 (f) β = 4.97

Figure 4.18: Sequential smoke flow visualisation images of an expulsion event ob-
served when α = 1.1 where β = t|Uo |

D . Beta is a non-dimensional parameter used to
define the separation of sequential images in terms of the time it takes the free-stream
flow to travel a distance equal to the rotor diameter (D).

POD ANALYSIS.

Visualisations of the first two eigenmodes produced by applying snapshot energy
based POD to the PIV results of the hovering rotor are shown in figure 4.19. The
first two POD modes, shown in figure 4.19a and figure 4.19b, indicate that the most
probable and energetic representations of the flow field are dominated by the blade
tip vortices. Analysis of the reconstructed flow field, shown in figure 4.19c and figure
4.19e, show that, in hover, the point of coalescence of the rotor wake varied as a result
of the first POD mode.

The first two eigenmodes of the flow field produced by the rotor when it is
operating at low descent velocity ratios (0.0 < α ≤ 0.6), differ considerably from the
POD modes of the hovering rotor shown in figure 4.19. The first two POD eigenmodes
of the flow field produced by the rotor operating at a descent velocity ratio of α = 0.6
are shown in figure 4.20. The first two modes, shown in figures 4.20a and 4.20b show
that the first POD mode is responsible for the radial movement of air across the rotor
disk plane and the passage of the blade tip vortices. Reconstructions of the flow
field, presented in figure 4.20c and 4.20e, indicate that the first POD mode manifests
itself as the radial flapping of the rotor wake. Spectral analysis of the reconstruction
coefficients showed that this occurred at a frequency of 0.7Hz. The second POD mode
also contributes to the radial flapping of the rotor wake, however it is clear from figure
4.20 that the contribution of the second POD mode is lower than the contribution of
the first POD mode. It should be noted that the influence of the blade tip vortices on
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the structure of the flow field can be observed in higher POD modes.

When the descent velocity ratio was greater than α ≥ 0.7, POD analysis revealed
that once the wind tunnel free stream penetrated the rotor disk plane, the unsteadi-
ness of the flow field was confined to a region of the flow field associated with the
radial deflection of the rotor wake (figure 4.21a and figure 4.21b). Analysis of the
reconstructed flow fields, presented in figure 4.21c and 4.21e, showed that the first
POD mode is associated with the shedding of the recirculation which forms around
the rotor blade tips. This manifests itself as the variation of the penetration of the
rotor wake into the wind tunnel free stream shown in figure 4.21c and figure 4.21e.
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(a) POD mode:1 (b) POD mode:2

(c) Mode 1: max Ψ(1) (d) Mode 2: max Ψ(2)

(e) Mode 1: min Ψ(1) (f) Mode 2: min Ψ(2)

Figure 4.19: Visualisation of the first two POD eigenmodes of the velocity fluctuations
produced by the hovering rotor α = 0.0 are presented in figure 4.19a and figure 4.19b.
The modes were calculated from a sequence of 600 instantaneous velocity fields. The
vector lengths are scaled with respect to the maximum vector length of each individual
mode. Reconstructed simulations of the velocity fields produced by the subtraction of
the maximum (C, E) and minimal (D, F) reconstruction coefficient representations of
the first two POD modes from the mean flow field are presented.
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(a) POD mode:1 (b) POD mode:2

(c) Mode 1: max Ψ(1) (d) Mode 2: max Ψ(2)

(e) Mode 1: min Ψ(1) (f) Mode 2: min Ψ(2)

Figure 4.20: Visualisation of the first two POD eigenmodes of the velocity fluctuations
produced by the hovering rotor α = 0.6 are presented in figure 4.21a and figure 4.21b.
The modes were calculated from a sequence of 600 instantaneous velocity fields. The
vector lengths are scaled with respect to the maximum vector length of each individual
mode. Reconstructed simulations of the velocity fields produced by the subtraction of
the maximum (C, E) and minimal (D, F) reconstruction coefficient representations of
the first two POD modes from the mean flow field are presented.
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(a) POD mode:1 (b) POD mode:2

(c) Mode 1: max Ψ(1) (d) Mode 2: max Ψ(2)

(e) Mode 1: min Ψ(1) (f) Mode 2: min Ψ(2)

Figure 4.21: Visualisation of the first two POD eigenmodes of the velocity fluctuations
produced by the hovering rotor α = 0.8 are presented in figure 4.21a and figure 4.21b.
The modes were calculated from a sequence of 600 instantaneous velocity fields. The
vector lengths are scaled with respect to the maximum vector length of each individual
mode. Reconstructed simulations of the velocity fields produced by the subtraction of
the maximum (C, E) and minimal (D, F) reconstruction coefficient representations of
the first two POD modes from the mean flow field are presented.
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4.4 CONCLUSION

An investigation into the structure of the flow field produced by a rotor with a large
root cut out (31.5%) operating in hover and axial descent has been performed using
particle image velocimetry, laser doppler anemometry and smoke flow visualisation.
The rotor was designed to produce a velocity profile which was notionally similar
to the velocity profile produced by the ventilated open core annular jet investigated
in chapter 3. The flow field produced by the rotor was compared with the flow field
produced by a more conventional rotor, with a smaller blade root cut out (12.5%),
previously investigated by Savas et al. (2009).

The results show that blade root cut out significantly affects the structure and the
dynamics of the flow field produced by a rotor when it is operating in the vortex ring
state. The breakdown of the cylindrical wake of the rotor into the toroidal recircula-
tion associated with the vortex ring state of rotors occurs over a narrower range of
descent velocity ratios. Previous investigations, using rotors with smaller root cut
outs, have identified the formation of a saddle point on the geometric centre line of
the rotor Green et al. (2005). The saddle point forms at the interaction between the
rotor wake and the free stream. However, PIV revealed that no saddle point forms on
the geometric centreline of the rotor if the rotor has a large root cut out.

The mutual inductance instability of helical vortices has previously been associated
with the formation of a hairpin vortex however the results presented in this chapter
indicate that the structure of the flow field may be dependent on the interaction of
the low velocity flow induced by the inner portion of the rotor and the free stream flow.





CHAPTER 5
THE NATURE OF THE VORTEX RING STATE.

Having investigated the VRS of a shrouded rotor (Chapter: 2), an isolated rotor
(Chapter: 2), a ventilated open core annular jet (Chapter: 3) and a rotor with a large
root cut out (Chapter:4) in the previous chapters, the aim of this chapter is to elucidate
what these investigations imply about development of the VRS. The results presented
in each of the previous chapters are compared allowing the role of the blade tip
vortices, on the development of the VRS to be explored.

5.1 DISCUSSION.

5.1.1 OPERATING AT A COUNTER FLOW/DESCENT VELOCITY RATIO OF α =

0.0.

Figure 5.1 shows the mean flow field produced by the four experimental configurations
investigated in this thesis when operating at a descent/counter flow velocity ratio
of α = 0.0. The mean flow fields produced by the isolated rotor (figure 5.1a), the
shrouded rotor (figure 5.1c) and the ventilated open core annular jet (figure 5.1d) have
a low velocity core surrounded by a ring of high velocity flow. Close to the rotor disk
plane, the rotor with a large root cut out (figure 5.1b), induces low velocity in the
core. Higher velocity flow is induced by the outer portions of the rotor blade. After
the coalescence of the induced flow into a streamtube. Further downstream the flow
field produced by the rotor resembles the velocity profile of the wake produced by
the other three investigations, with a region of low velocity air surrounded by a ring
of high velocity flow. The velocity components of the wake produced by each of the
experimental configurations are compared in figure 5.2. From figure 5.2a it is clear
that, at a velocity ratio of α = 0.0, the mean axial velocity profile produced by all four
experimental configurations are notionally similar. The rotors all produce wakes with
significant swirl, as shown by the tangential velocity profiles presented in figure 5.2c.
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In contrast, the wake from the ventilated OCAJ contains negligible amount of swirl.
Analysis of figure 5.2b shows that the wake produced by the rotor with a large root
cut out is the only one that contains a significant radial velocity component. Chapter
4 showed that this occurred as a result of the large root cut out which prevented flow
from being induced in the centre of the rotor.

Whilst the average flow fields are comparable, instantaneous vorticity plots of the
flow fields produced, presented in figure 5.3, indicate that the structure of the flow
fields produced in the experiments differ considerably. The wake produced by the
unshrouded rotor (Chapter: 2) and the rotor with the large root cut out (Chapter: 4)
both consist of a system of helical vortices trailed from the rotor blades, whilst the
wake from the ventilated OCAJ consists of a jet shear layer and flow which is entrained
through the nozzle by the pressure difference that forms between the nozzle inlet and
outlet planes. As described in chapter 2, the wake from the shrouded rotor did not
contain any clearly defined vortical structures. It is proposed that a helical vortex
structure may be present inside the shroud, which may have broken down by the
time the wake passes through the shroud outlet plane, however further experiments
would be required to determine if this hypothesis is correct. Despite this variation
the unsteadiness of the flow field produced by all four experimental configurations is
confined to the edge of the streamtube which extend away from the rotor disk plane,
the nozzle outlet plane and the shroud outlet plane. Analysis of figure 5.4 shows
that the magnitude of the unsteadiness is similar for all experimental configurations
investigated.
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(a) Isolated rotor. (b) Rotor Rc = 30%.

(c) Shrouded rotor. (d) Ventilated OCAJ.

Figure 5.1: Mean axial velocity profile (u) produced by the isolated rotor (5.1a), the
rotor with a large root cut out (5.1b), the shrouded rotor (5.1c) and the ventilated
open core annular jet (5.1d) when they are operating at descent velocity ratios α = 0.0.
The velocity profile of each experimental configuration has been non-dimensionalised
using the notional induced velocity (Ui) of each configuration. A symmetry plane has
been applied to the results presented in figure 5.1b to illustrate the structure of the
flow field produced by the rotor presented in figure 5.1b. The variable R represents the
radius of the rotor, the shroud outlet or the nozzle outlet of the respective experiments.
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(a) Axial velocity. (b) Vertical velocity component (v).

(c) Tangential velocity.

Figure 5.2: A comparison of the mean velocity profiles of the wake produced by the
isolated rotor, the shrouded rotor, the ventilated OCAJ and the rotor with a large root
cut out on a plane 0.48R from the rotor disk planes, the shroud outlet plane and the
nozzle outlet plane respectively. The variable R represents the radius of the rotor,
the shroud outlet or the nozzle outlet depending on which experiment was being
investigated.
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(a) Isolated rotor. (b) Rotor Rc = 30%.

(c) Shrouded rotor. (d) Ventilated OCAJ.

Figure 5.3: Instantaneous contour plots of the third component of vorticity [
d fy
dx −

d fx
dy ]

vorticity contained within the flow field produced by the isolated rotor (figure 5.3a),
the rotor with a large root cut out (figure 5.3b), the shrouded rotor (figure 5.3c) and
the ventilated OCAJ (figure 5.3d) when they are each operating at a velocity ratio of
α = 0.0. The variable R represents the radius of the rotor, the shroud outlet or the
nozzle outlet of the respective experiment.
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(a) Isolated rotor. (b) Rotor Rc = 30%.

(c) Shrouded rotor. (d) Ventilated OCAJ.

Figure 5.4: Contour plots of the RMS of the fluctuations about the mean axial velocity
profile (Urms) produced by the unshrouded rotor (figure 5.4a), the rotor with the large
root cut out (figure 5.4b), the shrouded rotor (figure 5.4c) and the ventilated open
core annular jet (figure 5.4d) operating at a velocity ratio of α = 0.0. Note the RMS
of the fluctuations is scaled with respect to the induced velocity Ui and the variable
R represents the radius of the rotor, the shroud outlet or the nozzle outlet of each
individual experiment.
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5.1.2 OPERATING AT A COUNTER FLOW/DESCENT VELOCITY RATIO OF α >

0.0

At low descent velocity ratios the flow field produced by the isolated rotor (Chapter:2),
the shrouded rotor (Chapter:2), the ventilated open core annular jet (Chapter:3) and
the rotor with the large root cut out (Chapter:4) were all unaffected by the introduction
of a counter flow. Smoke flow visualisation showed that the interaction between the
wake and the counter flow occurred outside the PIV’s regions of interest. At the
interaction a saddle point formed on the geometric centre line of the rotor or nozzle.
PIV also showed that as the counter flow velocity ratio increased the saddle point
approached the rotor disk plane, the shroud outlet plane or the nozzle outlet plane.
The mean flow fields produced by the isolated rotor, the shrouded rotor and the
ventilated open core annular jet, presented in figure 5.5 showed that the saddle point
penetrated through the rotor disk plane, the shroud outlet plane or the nozzle outlet
plane as the velocity ratio increased. The fate of the saddle point once it penetrated
through the rotor disk plane, the shroud outlet plane or the nozzle outlet plane was
not investigated in this thesis. The formation of a saddle point on the geometric
centreline of a rotor operating in axial descent was previously shown by Green et al.
(2005) to be a prominent feature of the flow field produced by a rotor descending into
the VRS. A round jet issuing into a uniform counter flow was shown by Bernero and
Fiedler (2000) to also form a saddle point at the interaction between the jet flow and
the counterflow. Once the saddle point penetrated the rotor disk plane, the shroud
outlet plane or the nozzle outlet plane the flow field formed the conical region of
reversed flow previously identified by Brinson (1998).

PIV showed that the saddle point that formed in the flow field of the rotor with a
large root cut out did not penetrate up to the rotor disk plane. Instead the counter flow
penetrated up through the rotor disk plane at a lower velocity ratio (α = 0.7) and the
rotor wake was deflected radially outboard. The inability of the cylindrical rotor hub
to induce flow in the center of the rotor is believed to be responsible for this variation
of the flow field. Figure 5.6 shows the mean location of the saddle points extracted
from the centreline axial velocity profiles of both the shrouded and unshrouded rotor
and the ventilated OCAJ. It is clear from figure 5.6 that the wake produced by both
the shrouded rotor and the unshrouded rotor penetrates a similar distance from the
shroud outlet plane or the rotor disk plane. The ventilated OCAJ penetrates a shorter
distance into the counter flow than the shrouded or the unshrouded rotor wakes.

In each of the experimental configurations the formation of a saddle point on the
geometric centre line of the rotor, the shroud or the nozzle leads to the formation of
large regions of recirculating flow outboard of the rotor blade tips, the shroud outlet
or the nozzle outlet. At low velocity ratios the recirculation forms upstream of the
rotor disk plane, the shroud outlet plane or the nozzle outlet plane as the velocity
ratio increased and the saddle point approached the shroud outlet plane or the nozzle
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outlet plane. For the shrouded rotor and the ventilated OCAJ the recirculation moved
towards the lip of the shroud and the nozzle of the ventilated OCAJ. Further increases
in the counter flow lead the recirculation to form around the side of the shroud and
the nozzle, as shown in figure 5.7. The recirculation continues to form around the side
of the shroud and the nozzle as the velocity ratio increased until the velocity ratio
became sufficient to ensure that the shrouded rotor wake and the ventilated OCAJ
does not pass through the shroud outlet plane or the nozzle outlet plane. Instead
the counter flow passes through the shroud outlet plane and the nozzle outlet plane
whilst also passing smoothly around the side of the shroud or the nozzle as shown
in figure 5.8. At a velocity ratio of α = 2.0 the shrouded rotor (figure 5.8a) and the
ventilated OCAJ (figure 5.8b) are both operating in a state analogous to the windmill
brake state of an isolated rotor.

The development of the flow field produced by the shrouded rotor and the ventil-
ated OCAJ resembles the development of the flow field produced by the unshrouded
rotor. As expected the centre of recirculation formed by the unshrouded rotor moved
from upstream of the rotor to above the rotor disk plane as the descent velocity ratio
increased, as shown in figure 5.5. The recirculation continues to form above the rotor
disk plane until the rotor enters the windmill brake state. The shrouded rotor and
the ventilated OCAJ entered the windmill brake state at velocity ratios of α = 2.0 and
α = 0.9 respectively.
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(a) Isolated rotor α = 0.9 (b) Shrouded rotor α = 0.9 (c) OCAJ α = 0.6

(d) Isolated rotor α = 1.0 (e) Shrouded rotor α = 1.0. (f) OCAJ α = 0.7.

(g) Isolated rotor α = 1.1. (h) Shrouded rotor α = 1.2.

(i) Isolated rotor α = 1.3. (j) Shrouded rotor α = 1.3.

Figure 5.5: Mean flow fields produced by the isolated rotor, the shrouded rotor and
the ventilated open core annular jet.

Figure 5.6: Mean location of the saddle point obtained from PIV measurements of the
flow field produced by a isolated rotor, an unshrouded rotor and a ventilated OCAJ.



162 Chapter 5

(a) Shrouded rotor α = 1.0 (b) OCAJ α = 0.7

(c) Shrouded rotor α = 1.3 (d) OCAJ α = 0.8

Figure 5.7: Mean flow field produced by the isolated rotor, the shrouded rotor and
the ventilated open core annular jet.

(a) Shrouded rotor α = 2.0 (b) Ventilated OCAJ α = 0.9

Figure 5.8: Mean flow field produced by the shrouded rotor and the ventilated OCAJ
when they are operating at velocity ratios of α = 2.0 and α = 0.9 respectively. At this
velocity ratio both the shrouded rotor and the ventilated OCAJ are operating in a state
analogous to the windmill brake state.
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5.1.3 UNSTEADINESS OF THE FLOW FIELD

Whilst it has been shown that the mean flow fields produced by a ventilated OCAJ
operating in a uniform counter flow, a shrouded rotor and an unshrouded rotor
operating in axial descent are similar, the flow fields produced are highly unsteady,
therefore the fluid dynamics of each experimental configuration was analysed. The
comparison of the fluid dynamics of the various experimental configurations was
performed to ensure that the development of the flow field was the same.

Despite the differences in the structure of the flow fields the unsteadiness of the
flow field produced by the shrouded rotor, the ventilated OCAJ and the unshrouded
rotor are notionally similar. At low velocity ratios the unsteadiness is confined to two
regions, associated with the passage of the blade tip vortices or the jet shear layers,
which extend away from the rotor disk plane, the shroud outlet plane and the nozzle
outlet plane (figure 5.4). At velocity ratios where a saddle point forms on the geometric
centre line of the rotor or the nozzle, a region of highly unsteady flow forms on the
geometric centre line of the rotor and the nozzle outlet plane. The saddle point is
contained within the region of high RMS values. The RMS of the fluctuations is similar
in magnitude to the notional induced velocity (Ui) of each individual experiment,
as shown in figure 5.9. Without the saddle point the unsteadiness of the flow field
produced by the rotor with a large root cut out, shown in figure 5.9d, is confined to
the region of the flow associated with the passage of the blade tip vortices as they are
deflected radially outboard by the counterflow.

Streamline plots of the reconstructed simulations of the velocity fields produced
by subtracting the maximum and minimal reconstruction coefficient forms of the first
POD mode of each experiment from their respective mean flows are presented in
figure 5.10. From figure 5.10 it is clear that at some velocity ratios, the flow fields
produced by the shrouded rotor, the ventilated OCAJ and the isolated rotor all switch
between two flow topologies. As with an isolated rotor operating in the VRS (Green
et al., 2005), the flow intermittently switches between the flow topology associated
with the operation of the experimental configurations at low velocity ratios and a topo-
logy associated with the fully developed VRS. The velocity ratios at which this occurs
varies between each experimental investigation. Analysis of the probability density
functions of the reconstruction coefficients showed that the frequency of excursion of
the various flow fields into the VRS topology increased as the velocity ratio increased.
It is interesting to note that the OCAJ produced a toroidal vortex which periodically
sheds from the nozzle outlet at a frequency of 3.1Hz whilst operating at a velocity
ratio of α = 0.9. All other experimental configurations showed that the recirculation
shed aperiodically from the rotor blade tips or the outlet of the shroud.
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(a) Isolated rotor α = 1.1 (b) Rotor Rc = 30%, α = 1.0

(c) Shrouded rotor α = 0.9 (d) OCAJ α = 0.6

Figure 5.9: RMS of the axial velocity component of the flow field produced by the
isolated rotor, the shrouded rotor and the ventilated open core annular jet.

5.2 THE NATURE OF THE VRS

Linear stability analysis of helical vortex filaments, performed by Gupta and Loewy
(1974) and Widnall (1972) identified the existence of small geometric perturbations to
the helix that manifest themselves with wavelengths equal to a few core diameters or
several helix diameters. Analysis of the interaction between adjacent vortex filaments,
performed by Widnall (1972) identified the mutual-inductance instability of helical
vortices. In hover the growth of these instabilities lead to the breakdown of the
helical structure some distance from the rotor disk plane. In descending flight, the
breakdown of the wake occurs in the vicinity of the rotor resulting in the formation
of the VRS (Newman et al. (2003), Ahlin and Brown (2007), Ahlin and Brown (2009)
and Brown et al. (2004)). Free-wake simulations of a helicopter rotor in axial descent
performed by Bhagwat and Leishman. (2000),Leishman et al. (2004) and Ananthan and
Leishman (2006) associated the mutual-inductance instability of helical vortices with
the leapfrogging of blade tip vortices identified by (Stack et al. (2005)). High resolution
CFD of a rotor entering the VRS, using the vorticity transport model developed by
Brown (2000), and performed by Ahlin and Brown (2009) showed that the blade tip
vortices reorientated themselves as a result of the ‘mutual-inductance’ instability of
helical vortices and the growth on non-linear short wave disturbances identified by
Widnall (1972), Leishman et al. (2004), Bhagwat and Leishman. (2000) and Ananthan
and Leishman (2006). The breakdown of the blade root vortex system is believed to
be responsible for the formation of the saddle point and the conical region of reverse
flow which penetrates towards the rotor disk plane identified by Green et al. (2005)
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(a) Isolated rotor α = 1.1 Min Ψ(1) (b) Isolated rotor α = 1.1 Max Ψ(1)

(c) Shrouded rotor α = 1.1 Min Ψ(1) (d) Shrouded rotor α = 1.1 Max Ψ(1)

(e) OCAJ α = 0.6 Min Ψ(1) (f) OCAJ α = 0.6 Max Ψ(1)

Figure 5.10: Streamline plots of the reconstructed velocity field produced by the
subtraction of the maximum and minimal reconstruction coefficient forms of the first
POD modes of the flow field produced by the unshrouded rotor, the shrouded rotor
and the ventilated OCAJ when they are operating at a velocity ratio where the first
POD mode is associated with the variation of the penetration of the saddle point from
the rotor disk plane, the shroud outlet plane or the nozzle outlet plane.
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and Brinson (1998). The breakdown of the blade root vortices leads to the disruption
of the rotor wake for several rotor revolutions before they reform. This mechanism is
used to explain the incipient flow regime identified by Green et al. (2005). Outboard
of the rotor, leapfrogging of the blade tip vortices leads to the build up of vorticity
around the rotor blades tips Savas et al. (2009). The build up and the subsequent
shedding of the recirculation is responsible for the large thrust fluctuations associated
with rotors operating in the VRS. A schematic diagram depicting the structures of the
flow field produced by a rotor when it enters the VRS is shown in figure 5.11.

However, it is clear from the results presented in this thesis that the same flow
topological features (the saddle point and the recirculation) and the same wake
kinematics (the incipient flow regime) are present in the flow fields produced by a
shrouded rotor, when it is operating in axial descent, and a ventilated OCAJ, when
it is operating in a uniform counterflow. This is despite the fact no helical trailed
vortex systems could be observed in the wake produced by the shrouded rotor or the
ventilated OCAJ. In fact, due to the differences in the way the ventilated OCAJ and
the rotors generate the notionally similar mean velocity profiles presented in figure
5.1 the role of the trailed helical vortex system and therefore the role of the mutual
inductance instability of helical vortices has on the development of the VRS may be
limited.

The results presented in this thesis suggest that the VRS may be a manifestation
of an axially induced flow interacting with a uniform counterflow. The induced flow
field consist of a region of low velocity flow surrounded by a ring of high velocity
flow. At low velocity ratios the interaction between the low velocity core and the
counter flow leads to the formation of a saddle point in line with the centre of the low
velocity core. As a result of the saddle point the high velocity flow surrounding the
low velocity core and the counterflow are deflected radially outboard forming a large
torus of recirculating air. The recirculation continues to grow in size until it sheds
downstream. Consequently the wake collapses allowing the counter flow to penetrate
some distance towards the source of the induced flow. Once the recirculation has
shed away from the source, the induced flow penetrates back into the counterflow,
forcing the saddle point away from the source of the induced flow. At greater velocity
ratios the distance the induced flow penetrates into the counter flow decreases and, at
some velocity ratios, the counterflow can penetrate intermittently through the centre
of the source of the induced flow. Further increases in velocity ratio lead the counter
flow to penetrate the source of the induced flow permanently. The movement of
the saddle point, towards the source of the induced flow, indicates the recirculation
moves towards the source of the induced flow. For an isolated rotor the centre of the
recirculation moves from below the rotor to above the rotor disk plane as the velocity
ratio increases as shown in figure 5.12b (Green et al., 2005). For a shrouded rotor
and a ventilated OCAJ the centre of the recirculation moves from below the shroud
outlet plane and the nozzle outlet plane to around the lip of the shroud outlet and
the nozzle outlet, as shown in figure 5.12. Further increases in the velocity ratio lead
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(a) Stage:1-2 (b) Stage:2-3

(c) Stage:3-4 (d) Stage:4-1

Figure 5.11: Schematic diagram depicting the mechanism responsible for the develop-
ment of the VRS for an isolated rotor according to the mutual inductance instability
theory of helical vortex filaments developed by Leishman et al. (2004).
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the recirculation to form around the side of the shroud and the nozzle. The ability
of a rotor wake to recirculate directly around the rotor disk plane, is responsible for
the different manifestation of the VRS observed in figure 5.12 and figure 5.11c. The
percentage of the rotor which the counter flow penetrates increases as the counter
flow velocity ratio increased, until the rotor entered the windmill brake state.

Once the counter flow permanently penetrates through the rotor disk plane of an
unshrouded rotor, the flow becomes locked within the toroidal form. The analysis of
the rotor with a large root cut out showed that the root cut out significantly affects
the velocity ratio at which the counter flow penetrates through the rotor disk plane.
The results indicate that the blade root cut out significantly affects the unsteadiness
of the flow field produced by a rotor as it operates in the VRS. It is proposed that
the mutual-inductance instability of helical vortices and the leapfrogging of blade tip
vortices contribute to the development and growth of the recirculation. However, they
may not drive the kinematics of the wake as has been suggested in the past (Stack
et al. (2005), Leishman et al. (2004), and Ahlin and Brown (2007)). Instead the results
indicate that the VRS is a manifestation of an axially induced flow interacting with
a uniform counterflow. The low velocity core of a rotor’s induced velocity profile
contributes to the development of the saddle point and the subsequent formation
of the VRS. The shrouded rotor and the ventilated OCAJ both entered the notional
VRS at lower velocity ratios than the unshrouded rotor. It is postulated that whilst
individual rotors of multi-rotor unmanned aerial vehicles may enter the VRS, the
entire UAV may enter a global VRS. Further research would be required in order to
investigate this.

Actuator disk theory is a low order model which applies momentum theory to
a streamtube that passes through the rotor disk plane. The flow through the rotor
is assumed to be one-dimensional, quasi-steady, incompressible and inviscid. The
rotor wake contains no discrete vortex filaments and does not incorporate any of the
complex flow features associated with rotor wakes. In actuator disk theory the rotor is
represented as a discontinuity over which a pressure jump occurs. Despite the numer-
ous simplifications to the structure of the flow field actuator disk theory makes, it has
been a useful tool for predicting the onset of the VRS. Spalart (2003) used the failure of
the stream tube model to predict the onset of the VRS. The conclusion that the develop-
ment of the VRS is driven by the interaction of axial flow with a uniform counterflow
goes some way to explaining the efficacy with which a low order model, such as
actuator disk theory is able to predict the mean induced velocity of a rotor when it is
operating in axial descent and determine the velocity ratio at which the VRS will occur.

Unfortunately steady state wind tunnel tests, such as the ones presented in this
thesis, do not simulate the transition of the rotor through the VRS because the descent
velocity ratio is not coupled with the thrust of the rotor. Steady conditions exist prior
to, and after the transition Brand et al. (2011). In steady wind speed tunnel tests the
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(a) Stage: 1-2 (b) Stage: 2-3

(c) Stage: 3-4 (d) Stage: 4-1

Figure 5.12: Sketches of the sequence of development of the flow field produced by
the saddle point of the Unshrouded rotor, the shrouded rotor and the OCAJ.
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vortex ring undergoes repeated relative motions through the rotor disk plane.



CHAPTER 6
SUMMARY AND CONCLUSIONS

The main findings of this investigation can be summarised into four categories: (i) the
wind tunnel testing of a shrouded rotor; (ii) the wind tunnel testing of a ventilated
OCAJ; (iii) the wind tunnel testing of a rotor with a large root cut out; (iv) the
comments on the nature of the VRS. The findings of the aforementioned categories
are summarised below.

6.1 CONCLUSIONS

6.1.1 ANALYSIS OF THE FLOW FIELD PRODUCED BY A SHROUDED ROTOR OP-
ERATING IN AXIAL DESCENT.

An investigation into the structure of the flow field produced by a shrouded rotor
and an unshrouded rotor operating in axial descent was performed. Laser Doppler
Anemometry (LDA) measurements in the region below the shroud outlet plane and the
unshrouded rotor were used to calculate the notional induced velocity of the shrouded
rotor and the isolated rotor. POD analysis showed that, whilst the unsteadiness of
the flow field produced by an unshrouded rotor is dominated by the passage of the
blade root and tip vortices, the wake from a shrouded rotor is dominated by the
radial flapping of the wake, which occurs because the wake from the shrouded rotor
did not contain any clear helical vortex system. Particle Image Velocimetry (PIV)
measurements of the flow field below the shroud identified the formation of a saddle
point at the interaction between the shrouded rotor wake and the counterflow on the
geometric centreline of the rotor. The saddle point approached the shroud outlet plane
as the descent velocity ratio increased. When operating in axial descent, the shrouded
rotor entered a state analogous to the VRS. The shrouded rotor entered the VRS at
a lower descent velocity than the unshrouded rotor. The shrouded rotor entered the
VRS when the descent velocity ratio was approximately equal to the mean induced
velocity at the shroud outlet plane. At descent velocity rates just below the notional
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induced velocity of the shrouded rotor, the flow enters an incipient regime similar to
that produced by a unshrouded rotor. In this range, POD analysis showed that the the
flow near the shroud intermittently switches between the topology associated with
the shrouded rotor when it is operating in hover and the toroidal form associated
with the VRS. At higher velocity ratios the shrouded rotor entered a state analogous
to the windmill brake state of an unshrouded rotor. In the windmill brake state the
counterflow penetrates through the centre of the shroud whilst also passing around
the outside of the shroud.

The results presented in chapter 2 indicated that the mechanism by which the
wake produced by the shrouded rotor broke down into the toroidal form associated
with the VRS was similar to that produced by the unshrouded rotor. However, the
wake from the shrouded rotor did not contain any clear helical vortex system. This
is significant because the ‘mutual-inductance’ instability of helical vortex filaments
Leishman et al. (2004) and the leapfrogging of the blade tip vortices Stack et al. (2005)
was believed to be responsible for the development of the VRS. However, the results
presented in chapter 2 suggest that the breakdown of the rotor wake into the toroidal
form of the VRS is a result of the interaction between an axially induced flow, which
consists of a low velocity core surrounded by a ring of higher velocity air, and a
uniform counterflow.

6.1.2 ANALYSIS OF THE FLOW FIELD PRODUCED BY A VENTILATED OCAJ
OPERATING IN A UNIFORM COUNTERFLOW.

An investigation into the structure of the flow field produced by a ventilated OCAJ
operating in a uniform counterflow was performed. As with a round jet, the flow
field produced by a ventilated OCAJ issuing into a uniform counterflow can be
characterised as transitioning from a unstable to an stable flow condition as the jet to
counterflow velocity ratio increased. In the unstable flow condition, at low velocity
ratios, the interaction between the jet and the counter flow occurs in the far field, whilst
the near field resembles the jet issuing into quiescent surroundings. PIV analysis
showed that, at the interaction between the jet flow and the counterflow, a saddle
point forms on the geometric centreline of the nozzle. As the counterflow velocity
ratio increased, the distance the jet penetrates into the counterflow reduced, therefore
the saddle point approached the outlet of the nozzle.

At counterflow velocities close to the notional induced velocity profile, the flow
topology enters an incipient flow regime where a vortex ring aperiodically forms, and
is shed from the lip of the nozzle outlet. Further increases in the counterflow velocity
ratio lead the ventilated OCAJ to enter the stable flow condition, where the vortex
ring sheds periodically from the nozzle outlet. At higher velocity ratios the ventilated
OCAJ entered a state analogous to the windmill brake state of a shrouded rotor. In
the windmill brake state, the counterflow penetrates through the centre of the shroud
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whilst also passing around the outside of the shroud. In this state, the jet flow exits
the nozzle through the inlet of the nozzle rather than the outlet.

The results presented in chapter 3 show that the structure and unsteadiness of the
flow field produced by a jet issuing into a counterflow was similar to that produced
by the shrouded rotor and an unshrouded rotor operating in axial descent discussed
in chapter 2. Further analysis of the unsteadiness of the flow field performed using
POD showed that the fluid structures responsible for the unsteadiness of the flow
field produced by the shrouded rotor and the unshrouded rotor discussed in chapter
2 were also observed in the flow field produced by the jet. Indicating that mechanism
responsible for the formation of the axially induced flow does not significantly affect
the mechanism with which the flow field enters the notional VRS. This implies that
the blade tip vortices produced by rotors are not responsible for the breakdown of the
rotor wake into the toroidal form of the VRS. They may however still contribute to the
development and the unsteadiness of the flow field.
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6.1.3 ANALYSIS OF THE FLOW FIELD PRODUCED BY A ROTOR WITH A LARGE

ROOT CUT OUT OPERATING IN AXIAL DESCENT.

An investigation into the structure of the flow field produced by a rotor with a large
root cut out operating in axial descent was performed. The rotor produced a flow
field which was similar to the one produced by the ventilated OCAJ. The results
showed that the root cut out significantly affects the structure and the dynamics of
the VRS. The large root cut out allowed the counterflow to penetrate through the
rotor disk plane at lower velocity ratios and the rotor did not enter an incipient
flow regime. Instead the rotor wake broke down into the toroidal form, associated
with the VRS, over a narrow range of descent velocity ratios. Once the counterflow
penetrated through the rotor disk plane the flow became locked within the toroidal
form associated with the VRS. The structure of the flow field is dependent upon the
build up and subsequent shedding of vorticity from around the rotor blade tips.

6.1.4 ANALYSIS OF THE FLUID DYNAMICS OF THE VORTEX RING STATE.

Despite the differences in the structure of the flow field produced by each of the
experimental configurations investigated, when introduced to a counterflow all four
experimental configurations developed into the VRS. The results presented in this
thesis show that the VRS may be a manifestation of an axially induced flow interacting
with a uniform counterflow. The role of the blade tip vortices on the development
of the flow field has been drawn into question, by the different manifestations of the
VRS produced by the shrouded rotor and the ventilated OCAJ.
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6.2 FUTURE WORK AND RECOMMENDATIONS

6.2.1 THE VRS OF A SHROUDED ROTOR

� Modify the test rig to allow the mean penetration length xp to be investigated at
displacements greater than 4R from the rotor disk plane. This would enable the
relationship between xp and the descent velocity ratio to be determined.

� Investigate the structure of the flow field inside the shroud using LDA or PIV.
This would require the modification of the test rig to allow optical access inside
the shroud.

� Modify the test rig to allow the forces and moments produced by the rotor and
the shroud. This would require the redesign of the test rig to incorporate two
loadcells.

� Modify the test rig to allow the pressure on the surface of the shroud to be meas-
ured. This would enable quantitative surface pressure data and lift distribution
data to be obtained.

� Redesign the test rig mount to allow the variation of the descent velocity angle
γ. This would allow the flight envelope of the shrouded rotor to be investigated.

� High fidelity CFD simulations of the flow field produced by the shrouded rotor
used in this investigation can provide insight into the structure of the flow field
inside of the shroud. The experimental data provided in this chapter would be
used to validate these simulations.

� Modify the rotor to investigate the effect blade tip clearance δtip has on the
structure of the flow field produced by a shrouded rotor operating in axial
descent.

� Modify the test rig to incorporate a counter rotating propeller. This would
enable the investigation of how different shrouded rotor configurations affect
the formation of the VRS.

� Modify the test rig to allow the flow field produced by a more conventional
shrouded rotor with a shroud centre body to be investigated.

6.2.2 THE VRS OF A VENTILATED OPEN CORE ANNULAR JET

� Investigate the effect of jet confinement. This would require the development
of a purpose built test rig allowing the cross sectional area of the counter flow
velocity to be varied.

� Modify the test rig to allow the mean penetration length xp to be investigated
at displacements from the nozzle outlet greater than (i.e( x

R ) < 4). This would
enable the relationship between xp and the counter flow velocity ratio for an
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open core annular jet to be determined and compared to the linear relationship
of a round jet issuing into counterflow.

� Investigate the fluid mixing properties of a OCAJ issuing into counterflow. This
would require the development of a custom test rig allowing the fluid used in
the OCAJ to differ from that of the counter flow velocity. Through additional
development this could be extended to investigate fuel mixing properties of an
OCAJ issuing into a uniform counterflow.

� Investigate the jets growth rate.

6.2.3 THE VRS OF A ROTOR WITH A LARGE ROOT CUT OUT

� Modify the test rig to allow the forces and moments produced by the rotor to be
investigated.

� Modify the test rig to investigate the effect rotor root cut out has on the structure
of the flow field produced by a rotor operating in axial descent. This would
require the manufacture of several different rotors with different root cut outs.

� Investigate the effect descent angle and yaw angle have on the development of
the flow field produced by a rotor operating in descent.

� Modify the test rig to allow the effect helicopter fuselages have on the structure
of the flow field produced by a rotor operating in descent.

6.2.4 THE NATURE OF THE VRS

� Further investigations into the role blade tip vortices have on the development of
the VRS could be performed. Modifying the blade loading, the rotor geometry
(twist/taper) or the geometry of the blade tips would allow the effect of the
blade tip vortices to be investigated.

� Stability analysis of the flow field produced by each of the experimental test
campaigns.

� Investigate the development of the VRS using variable speed wind tunnel testing.
This would require the development of a test rig which allowed the wind tunnel
speed to vary in response to the thrust of the rotor.
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APPENDIX A
APPENDIX A: EXPERIMENTAL METHODOLOGY
SUPPLEMENT

A.1 DE-HAVILLAND WIND TUNNEL

A.1.1 WIND TUNNEL BENCHMARKING

VELOCITY PROFILING

Calibration of the wind tunnel velocity was performed by measuring the velocity at
12 positions within the wind tunnel test section as the wind tunnel fan was varied
from 7 to 120 rpm. Each of the data points, presented in figure A.1a was sampled for
a period of 60s and the average of all of the data points are presented in figure A.1b.
The relationship between the wind tunnel speed and the fan rpm was found to be
linear.

1
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(a) Schematic diagram of the DeHavilland wind tunnel LDA bench-
mark locations.

(b) Mean velocity profile.
(c) Standard Deviation of the flow field
inside of the test section.

Figure A.1: Benchmark data for the wind tunnel
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Figure A.2: Schematic diagram of a typical experimental arrangement for performing
laser doppler anemometry within a wind tunnel. Image taken from DantecDynamics.
(2020).

A.2 LDA WORKING PRINCIPLES

Laser Doppler Anemometry is non-intrusive, point measurements system that is
commonly used to investigate the velocity of fluid flows, reversing flows, rotating
machinery and in chemically reacting or high temperature environments. LDA
typically provides high spatial and temporally resolved data. Two component and
three component LDA was utilised in this thesis, however a brief description of the
principles of single component LDA are provided for simplicity. For more information
see Zhang (2010).

A continuous wavelength laser, is split into two lasers using a Bragg cell. The
Bragg cell produces two beams of equal intensity with frequencies of fo and fshi f t

which are focused along fibre optic cables into a probe head. The optical probe focuses
the beams and aligns them to intersect at the point of interest. Constructive and
destructive interference between the laser beams, at the point of intersection, modulate
the light intensity signal of the light beams. This produces parallel planes of high
intensity light called fringes. The fringe distance d f is defined using the equation A.1.

d f =
λ

2 sin(θ/2)
(A.1)

Seeding particles scatter the light as they pass through the measurement volume.
The scattered light then monitored using a receiver lens and a photo detector. The
scattered light is Doppler shifted. Doppler bursts, which are sinusoidal with a Gaus-
sian envelope can then generated by the photo-detector, which converts the fluctuating
light intensity to an electrical signal. At this point it is necessary to state that a
filter installed before the photo-detector filters out any background wavelengths to
ensure that the signal is clean. It should be noted that the Doppler shift and the
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Figure A.3: Schematic diagram of a typical experimental arrangement for performing
Particle Image Velocimetry within a wind tunnel. Image taken from Raffel et al. (2007).

Doppler frequency fD are proportional to the velocity component perpendicular to
the bisector of the two laser beams. Fast-Fourier Transform of the Doppler bursts
allow the Doppler frequency of each particle to be calculated. Therefore the velocity
of the particles can be calculated using equation A.2.

V = d f fD (A.2)

A.3 PIV WORKING PRINCIPLES

Particle Image Velocimetry(PIV) is a laser optical measurements technique which
yields non-intrusive, indirect velocity measurements of a flow field. It is regularly
used in the research of fluid flow, turbulence, spray atomization and combustions
processes. Stereoscopic and tomographic PIV allows for all three velocity components
of the flow field to be investigated, however only planar (2 component) was used in
this thesis. A very brief description of two component PIV and some of the parameters
that must be considered when processing and acquiring PIV is presented in this
appendix. For more information see Raffel et al. (2007).

In PIV tracer particles contained within the flow field are illuminated using a
light sheet. The light sheet is usually generated using a laser however LED light
sheets can be used. A camera then captures each light pulse in a separate image
frame. Once a sequence of two light pulses has been recorded, a vector map of the
instantaneous flow field can be produced. Figure A.3 shows a schematic diagram of a
typical experimental arrangement when performing PIV within a wind tunnel.

When evaluating the flow field the region of interest is divided into interrogation
areas. Cross correlation 1 is then used to determine the displacement vector of each

1Cross-correlation is statistical analysis tool that allows for the objective comparison of two different
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interrogation area. It is assumed that all of the particles contained with an interrogation
area move homogeneously between the two illuminations. The displacement vector
∆x is then used to calculate the velocity of the of the particles contained within the
interrogation area using equation A.3 where ∆t is the time interval separating two
observed states of the tracer.

u(x, t) =
∆x(x, t)

∆t
(A.3)

TRACER PARTICLES

In PIV the velocity of the flow field is measured indirectly, by measuring the displace-
ment of seeding tracer particle in the flow. Therefore, the dynamics of the seeding
particles must be considered. It is assumed that the seeding particles follow the
flow exactly, the particles do not alter the flow and the particles do not interact with
each other (Raffel et al., 2007). The validity of these assumptions was assessed using
the particle relaxation time τp, the flow time scale of the fluids motion τf low and
the Stokes number St. In this thesis the flow was seeded using a olive oil based,
Pivtec-GmbH Aerosol Generator PivPart160 series device installed downstream of the
test section. The aerosol generator generated mean olive oil particle diameter dp of
1µm PIVTechGmbH. (2019). The flow tracing capabilities of a particle of diameter dp

and particle density ρ (ρoliveoil ≈ 912kgm−3 between 6− 35oC (Ribeiro et al., 2017) is
characterised using the particle relaxation time τp.)

τp =
d2

pρp

18µ f
(A.4)

The particle relaxation time is a measure the tendency of the particles to attain
a velocity equal to the surrounding flow. The flow time scale of the fluids motion
τf low is defined using the equation below (Samimy and Lele, 1991), where δ is a
characteristic dimension of the flow (The boundary layer thickness in the centre
of the empty wind tunnel, was used as the characteristic dimension for this invest-
igation δ = 0.0503m Skinner. (2018) and ∆U is the flow slip velocity (Raffel et al., 2007).

τf low = 10
δ

∆U
(A.5)

The effect of particle dynamic effects when suspended in a specific flow field is
quantified by the modified Stokes drag law for small spherical particles (Raffel et al.,
2007). The Stokes number is defined as the ratio of particle aerodynamic response

matrices. In this case the matrices relate to the same interrogation area in both image frames ?
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δ[m] τp [µm] τf low [µm] St

0.05 2.8 50300 5.5x10−5

Table A.1: Capability of seeding particles for flow tracing.

time to the flow time scale. Stokes numbers less than St << 1 indicate that the tracer
particles follow the fluid motion accurately. A summary of the associated time scales
is shown in table A.1.

St =
τp

τf low
(A.6)

Raffel et al. (2007) showed that the root mean square of the tracing error is less
than < 1% if the Stokes number of the particles is ≤ 0.06. From table A.1 it is clear
that the seeding particles used in this investigation can be assumed to follow the flow
exactly, are non-intrusive and do not interact with each other within the flow.

Another parameter that affects PIV is the seeding particle image density Keane
and Adrianl (1990). Keane and Adrianl (1990) showed that to achieve a valid detection
probability of 90% each of the interrogation windows must contain at least fifteen
seeding particles. If the seeding particle density per interrogation window, exceeds the
contrast of the camera system the image can becomes overexposed. This can impair
the detection of individual particles and peak locking can occur as individual particles
loose definition.

CALIBRATION

Calibration of the PIV system was performed using the LaVision FlowMaster software
which uses automated mark detection, of a LaVision 3085 calibration plate. The
calibration generates a transfer function that allow the known geometric properties of
the calibration plate, which is mounted in line with the laser light sheet, to be mapped
onto the camera chip coordinate system. The average deviation of the de-warped
marker position to the ideal regular grid was ≤ 0.2 pixels for each calibration. The
camera distance and the perspective angle of the camera to the laser light sheet was
calculated during the calibration process. The angle of the camera to the laser light
sheet was never greater than 0.001o for all experimental data sets.
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APPENDIX B: SHROUDED ROTOR EXPERIMENTAL DATA
SUPPLEMENT

B.1 PIV

B.1.1 MEAN FLOW CONVERGENCE

The mean flow field produced by the isolated rotor, the shrouded rotor (Region 1)
and the shrouded rotor (Region 2) when the number of image pairs investigated was
varied from N = 100 to N = 600 are shown in figure B.1, B.3 and B.5 respectively.
Figure B.2, B.4 and B.6 shows the statistical convergence of the axial and radial velocity
components of the flow field produced by the unshrouded rotor, the shrouded rotor
(PIV: Region 1) and the shrouded rotor (PIV: Region 2). Using equation B.1 it is clear
that the axial and radial velocity components of the flow field converged to within 5%
of the average flow field after approximately 540 image pairs were processed.

|∑N
1 [U]/N −∑600

1 [U]/600|
[∑600

1 [U]/600]max
.100 (B.1)

7



8 Chapter B

(a) ∑100
1 [U]/100. (b) ∑200

1 [U]/200.

(c) ∑300
1 [U]/300. (d) ∑400

1 [U]/400.

(e) ∑500
1 [U]/500. (f) ∑600

1 [U]/600.

Figure B.1: Appendix Convergence of the velocity profile

(a) Axial velocity (b) Radial Velocity

Figure B.2: Convergence of the radial and axial velocity components of the Un-
shrouded rotor at a velocity ratio of α = 0.0.
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(a) ∑100
1 [U]/100. (b) ∑200

1 [U]/200.

(c) ∑300
1 [U]/300. (d) ∑400

1 [U]/400.

(e) ∑500
1 [U]/500. (f) ∑600

1 [U]/600.

Figure B.3: Appendix Convergence of the velocity profile of the shrouded rotor at a
velocity ratio of α = 0.0

(a) Axial velocity (b) Radial Velocity

Figure B.4: Convergence of the radial and axial velocity components of the Shrouded
rotor
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(a) ∑100
1 [U]/100. (b) ∑200

1 [U]/200.

(c) ∑300
1 [U]/300. (d) ∑400

1 [U]/400.

(e) ∑500
1 [U]/500. (f) ∑600

1 [U]/600.

Figure B.5: Appendix Convergence of the velocity profile of the shrouded rotor at a
velocity ratio of α = 0.0 Region 2

(a) Axial velocity (b) Radial Velocity

Figure B.6: Convergence of the radial and axial velocity components of the Shrouded
rotor Region 2
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(a) Mode 1, n = 200 (b) Mode 2, n = 200

(c) Mode 1, n = 400 (d) Mode 2, n = 400

(e) Mode 1, n = 600 (f) Mode 2, n = 600

Figure B.7: Convergence analysis demonstrating the structure of the first 2 POD
modes produced by the isolated rotor operating at a velocity ratio of α = 0.0 as the
number of vector maps processed was varied from 200 to 600.
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(a) Mode 1, n = 200 (b) Mode 2, n = 200

(c) Mode 1, n = 400 (d) Mode 2, n = 400

(e) Mode 1, n = 600 (f) Mode 2, n = 600

Figure B.8: Convergence analysis demonstrating the structure of the first 2 POD
modes produced by the isolated rotor operating at a velocity ratio of α = 1.0 as the
number of vector maps processed was varied from 200 to 600.



Appendix B: Shrouded Rotor Experimental Data Supplement 13

(a) Mode 1, n = 200 (b) Mode 2, n = 200

(c) Mode 1, n = 400 (d) Mode 2, n = 400

(e) Mode 1, n = 600 (f) Mode 2, n = 600

Figure B.9: Convergence analysis demonstrating the structure of the first 2 POD
modes produced by the shrouded rotor (PIV Region: 1) operating at a velocity ratio of
α = 0.0 as the number of vector maps processed was varied from 200 to 600.
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(a) Mode 1, n = 200 (b) Mode 2, n = 200

(c) Mode 1, n = 400 (d) Mode 2, n = 400

(e) Mode 1, n = 600 (f) Mode 2, n = 600

Figure B.10: Convergence analysis demonstrating the structure of the first 2 POD
modes produced by the shrouded rotor (PIV Region: 1) operating at a velocity ratio of
α = 0.9 as the number of vector maps processed was varied from 200 to 600.
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(a) Mode 1, n = 200 (b) Mode 2, n = 200

(c) Mode 1, n = 400 (d) Mode 2, n = 400

(e) Mode 1, n = 600 (f) Mode 2, n = 600

Figure B.11: Convergence analysis demonstrating the structure of the first 2 POD
modes produced by the shrouded rotor (PIV Region: 1) operating at a velocity ratio of
α = 1.1 as the number of vector maps processed was varied from 200 to 600.
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OPEN CORE ANNULAR JET EXPERIMENTAL DATA
SUPPLEMENT
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(a) Mode 1, n = 200 (b) Mode 2, n = 200

(c) Mode 1, n = 400 (d) Mode 2, n = 400

(e) Mode 1, n = 600 (f) Mode 2, n = 600

Figure C.1: Convergence analysis demonstrating the structure of the first 2 POD
modes produced by the ventilated OCAJ (PIV Region: 1) operating at a velocity ratio
of α = 0.0 as the number of vector maps processed was varied from 200 to 600.
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(a) Mode 1, n = 200 (b) Mode 2, n = 200

(c) Mode 1, n = 400 (d) Mode 2, n = 400

(e) Mode 1, n = 600 (f) Mode 2, n = 600

Figure C.2: Convergence analysis demonstrating the structure of the first 2 POD
modes produced by the ventilated OCAJ (PIV Region: 1) operating at a velocity ratio
of α = 0.5 as the number of vector maps processed was varied from 200 to 600.
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(a) Mode 1, n = 200 (b) Mode 2, n = 200

(c) Mode 1, n = 400 (d) Mode 2, n = 400

(e) Mode 1, n = 600 (f) Mode 2, n = 600

Figure C.3: Convergence analysis demonstrating the structure of the first 2 POD
modes produced by the ventilated OCAJ (PIV Region: 1) operating at a velocity ratio
of α = 0.6 as the number of vector maps processed was varied from 200 to 600.
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APPENDIX C: ROTOR IN AXIAL DESCENT EXPERIMENTAL
DATA SUPPLEMENT

D.1 PIV

D.1.1 MEAN FLOW CONVERGENCE

The convergence of the axial and radial velocity components of the PIV results of the
flow field produced by the rotor with a large root cut out over a range of descent
velocity ratios are presented in figure D.2. The convergence of the flow field was
calculated using equation D.1 where [U] is the matrix of velocity vectors contained
within the flow field and N is the number of image pairs. The maximum variation
of the rolling average from the mean was then divided by the maximum velocity
component contained within the average of the entire sequence in order to measure the
convergence of the flow field. From figure D.2 it is clear that, over the entire velocity
range, the axial and radial velocity components of the flow field converged to within
5% of the average flow field after approximately 500 image pairs were processed.

|∑N
1 [U]/N −∑600

1 [U]/600|max

[∑600
1 [U]/600]max

.100 (D.1)
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(a) ∑100
1 [U]/100. (b) ∑200

1 [U]/200.

(c) ∑300
1 [U]/300. (d) ∑400

1 [U]/400.

(e) ∑500
1 [U]/500. (f) ∑600

1 [U]/600.

Figure D.1: Appendix Convergence of the velocity profile of the shrouded rotor at a
velocity ratio of α = 0.7.

(a) Axial velocity (b) Radial Velocity

Figure D.2: Convergence of the radial and axial velocity components of the Custom
rotor Region 2
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(a) Mode 1, n = 200 (b) Mode 2, n = 200

(c) Mode 1, n = 400 (d) Mode 2, n = 400

(e) Mode 1, n = 600 (f) Mode 2, n = 600

Figure D.3: Convergence analysis demonstrating the structure of the first 2 POD
modes produced by the Rotor with a large root cut out Rc = 30% operating at a
velocity ratio of α = 0.0 as the number of vector maps processed was varied from 200
to 600.
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(a) Mode 1, n = 200 (b) Mode 2, n = 200

(c) Mode 1, n = 400 (d) Mode 2, n = 400

(e) Mode 1, n = 600 (f) Mode 2, n = 600

Figure D.4: Convergence analysis demonstrating the structure of the first 2 POD
modes produced by the Rotor with a large root cut out Rc = 30% operating at a
velocity ratio of α = 0.6 as the number of vector maps processed was varied from 200
to 600.



Appendix C: Rotor In Axial Descent Experimental Data Supplement 25

(a) Mode 1, n = 200 (b) Mode 2, n = 200

(c) Mode 1, n = 400 (d) Mode 2, n = 400

(e) Mode 1, n = 600 (f) Mode 2, n = 600

Figure D.5: Convergence analysis demonstrating the structure of the first 2 POD
modes produced by the Rotor with a large root cut out Rc = 30% operating at a
velocity ratio of α = 0.8 as the number of vector maps processed was varied from 200
to 600.
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APPENDIX D: MOMENTUM THEORY

E.1 MOMENTUM THEORY OF A ROTOR IN AXIAL DESCENT.

(Newman, 1994)

E.1.1 NOMENCLATURE

� Disk Area = A

� wake area = A2

� atmospheric static pressure = p

� atmospheric density = ρ

� atmospheric pressure above the rotor disc plane = Pu

� atmospheric pressure below the rotor disc plane = Pl

� velocity induced by the rotor = Vi

� velocity in the wake far downstream = V2

E.1.2 ASSUMPTIONS FOR THIS MODEL:

1. The rotor has an infinite number of blades.

2. The rotor is modelled as a constant pressure difference across the rotor disk area.

3. Constant induced velocity across the entire rotor disk area.

4. Vertical velocity is continuous across and through the entire rotor disk plane.

5. Rotor induced pure axial velocity flow. (i.e. no swirl or radial velocity component
to the rotor wake).
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Figure E.1: Assumed flow field produced by an actuator disc in descent.

6. The rotors inflow and wake are contained within a continuous stream tube
which contains the rotor disc. Flow outside of the stream tube has no effect on
the rotor performance.

E.1.3 CALCULATION

Bernoulli equation below the rotor:

P∞ +
1
2

ρV2
D = Pl +

1
2

ρ(VD −Vi)
2 (E.1)

Bernoulli equation above the rotor:

Pu +
1
2

ρ(VD −Vi)
2 = P∞ +

1
2

ρ(VD −V2)
2 (E.2)

Subtracting Pl − Pu:

Pl − Pu = ρ(
1
2

V2
2 + V2VD) (E.3)

Rotor Thrust can be expressed as:

T = A(Pl − Pu) (E.4)

Applying momentum theory:

T = ρA(VD −Vi)V2 (E.5)
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By applying: M f low = ρAVi we get

T = ρAViV2 (E.6)

Substituting in we get:

Vi =
1
2

V2 (E.7)

and
V2

i −VDVi + V2
o = 0 (E.8)

By applying VD = −VC we get two equations for the variation of the induced
velocity of the rotor with axial velocity.

V2
i + VCVi + V2

o = 0 (E.9)

Applying a non-dimensional form by dividing through by V2
o we get

In climb: for ṼC ≥ 0
Ṽi

2
+ ṼCṼi − 1 = 0 (E.10)

In descent: ṼC ≤ 0
Ṽi

2
+ ṼCṼi + 1 = 0 (E.11)

where: Ṽi =
Vi
Vo

, and ṼC = VC
Vo
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